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 Freshwater fungi play a key role in plant debris decomposition, are pivotal in transferring 
energy and nutrients to higher trophic levels, and are essential for removing toxic heavy metals 
and degrading xenobiotics. In light of global climate change, habitat loss, and water pollution, it 
has become increasingly important to examine this understudied group of fungi. Using both 
culture-dependent and culture-independent techniques, I examined how habitat, geography, and 
phylogeny influence the structure of detritus-inhabiting fungal communities within temperate 
peatland and alkaline stream habitats. In addition, this research utilized traditional agar-based 
assays, fluorometric assays, and sequence-based methods to: 1) link community function to 
individual species/isolates, 2) determine functionally redundancy at the class and isolate level, 3) 
determine the functional magnitude of individual isolates and 4) determine if function and 
functional magnitude are pH-dependent. Samples of fine submerged detritus or substrate on or 
beneath the stream bed from six sites, four in Pennsylvania and two in Wisconsin, were collected 
in May, July/August, and November in 2014 for two sites and 2016 for four sites. Culture-
independent analyses were conducted on 42 environmental samples collected in November 2016. 
Statistical analyses were conducted at the community and class level for the nine dominant 
fungal classes within these habitats. Functional roles were assigned using FUNGuild, agar-based 
assays and fluorescence assays. Alpha-diversity results indicated that stream habitats were more 
species rich, both in number of species and phylogenetic diversity, as compared to peatland 
habitats and beta-diversity analyses indicted that peatland communities were distinct from stream 
communities suggesting local variation and habitat as the main factors. Phylogenetic clustering 
within the major Ascomycota and Basidiomycota classes were prevalent within peatland 
habitats, while, phylogenetic clustering was more prevalent within the Mortierellomycota for 
stream habitats. Functional analysis indicated that many isolates are functionally redundant but 
that the magnitude of function varies, even between closely related isolates. Dothideomycetes 
isolates appeared to be more sensitive to environmental pH change as compared to 
Sordariomycetes isolates. The inability to assign functional roles to the majority (50%-95%) of 
OTUs within the nine major fungal classes highlights a huge knowledge gap in our 
understanding of what fungi are doing within these habitats. Lastly, two new species, Coniella 
iii 
 
lustricola and Hongkongmyces snookiorum, were isolated and described. Coniella lustricola will 
be a valuable comparison to pathogenic Coniella species and the discovery of Hongkongmyces 
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 COMMUNITY COMPOSITION AND PHYLOGENETIC STRUCTURE OF 




 Freshwater fungi play a key role in plant debris decomposition, are pivotal in transferring 
energy and nutrients to higher trophic levels, and are essential for removing toxic heavy metals 
and degrading xenobiotics. In light of global climate change, habitat loss, and water pollution, it 
has become increasingly important to examine this understudied group of fungi. Using both 
culture-dependent and culture-independent techniques, this research examined how habitat and 
geography influence the structure of detritus-inhabiting fungal communities within temperate 
peatland and alkaline stream habitats. Fine submerged detritus or substrate on or beneath the 
stream bed were collected from six sites, four in Pennsylvania and two in Wisconsin. Fungal 
cultures were obtained from samples collected in May, July/August and November in 2014 for 
two sites and 2016 for four sites. Culture-independent analyses were conducted on 42 
environmental samples collected in November 2016. Statistical analyses were conducted at the 
community and class level for the nine dominant fungal classes within these habitats.  
 Alpha-diversity results indicated that stream habitats were more species rich, both in 
number of species and phylogenetic diversity, as compared to peatland habitats and beta-
diversity analyses indicted that peatland communities were distinct from stream communities 
suggesting local variation and habitat as the main factors influencing species distribution. 
Phylogenetic clustering within the major Ascomycota and Basidiomycota classes were prevalent 
within peatland habitats, while, phylogenetic clustering was more prevalent within the 
Mortierellomycota for stream habitats. These results demonstrate that peatland and stream fungal 
communities are diverse, phylogenetically distinct, harbor many unknown taxa. In addition, this 
research demonstrates the potential loss of many species when an individual peatland or stream 







 Of the 1.5 million fungal species estimated to be on earth (Hawksworth 1991), 
approximately 2500 species are known to reside within freshwater habitats (Shearer et al. 2007). 
Freshwater habitats include lentic (lakes, ponds, wetlands) and lotic (streams and rivers) systems 
(Wong et al. 2008). This low number of fungal species from freshwater habitats relative to 
terrestrial habitats is primarily due to fewer research studies so the actual number of freshwater 
fungal species is believed to be much higher (Shearer et al. 2007). Current fungal species found 
in freshwater ecosystems include members of the Ascomycota, Chytridiomycota and to a lesser 
extent, members of the Basidiomycota (Shearer et al. 2007). In addition to aquatic fungal taxa, 
common soil and leaf-inhabiting taxa are frequently isolated from freshwater habitats (Krauss et 
al. 2011; Wahl et al. 2018) blurring the boundary of which fungal taxa are actively part of the 
aquatic community and those that are transient or exist as inactive spores.  
 Freshwater fungi are of extreme importance in litter decay (Bärlocher 1992a; Rossi 
1985), are important parasites of algae and invertebrates (Barron 2004; Sime-Ngando 2012) and 
are important in nutrient cycling (Fukami et al. 2010). Bärlocher (1992a) provides a thorough 
historical review of research on aquatic hyphomycetes and Krauss et al. (2011) provide a list of 
major milestones. Historically, the interest in aquatic fungi did not advance until Ingold (1942) 
connected the conidia of aquatic hyphomyetes to mycelium colonizing submerged leaves. Even 
then, aquatic fungi were generally ignored by stream ecologists until Trisha (1970) and Kauskih 
and Hynes (1971) demonstrated that fungal-conditioned leaves were vital to stream invertebrates 
(Bärlocher 1992a). Leaves were shown to be more palatable and nutritious for stream 
invertebrates if first colonized by fungi (Bärlocher 1985). Consequently, Ingoldian fungi, which 
typically inhabit submerged decaying leaves (Bärlocher 1992a; Wong et al. 1998), were the main 
focus of research following the previous discoveries, while less attention was given to research 
on submerged wood-inhabiting fungi (Wong et al. 1998) and even less attention focused on fine-
detritus inhabiting fungi within aquatic ecosystems.  
Nutrients, oxygen content, pH, pollution and temperature affect aquatic fungal 
community composition and structure. Nutrients, particularly nitrogen and phosphorus, are 
important for fungal growth and substrate degradation (Duarte et al. 2016; Heino et al. 2014; 
Jabiol et al. 2018; Tian et al. 2018). Duarte et al. (2016) showed that Dothideomycetes dominant 
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leaf decomposers in eutrophic streams, while Leotiomycetes were dominate leaf decomposers in 
less eutrophic streams, and that leaf litter quality (nutrient status) was important for species 
distribution during the decay process in peatland habitats (Pugh and Mulder 1971; Thormann et 
al. 2004). Similarly, Golovchenko et al. (2013) indicate that while some peatland fungal species 
could grow and develop under anaerobic conditions, there was a decline in fungal diversity under 
oxygen limiting conditions. For lake and stream habitats, a decrease in pH was shown to reduce 
alpha diversity (Ortiz-Vera 2018; Tian et al. 2018) and alter community structure (Heino et al. 
2014; Ortiz-Vera 2018). Fungal diversity was also shown to decrease in highly-polluted streams 
and rivers (Liu et al. 2015; Ortiz-Vera 2018; Wong et al. 1998). Lastly, temperature has been 
shown to alter seasonal and regional species abundance in addition to driving fungal assemblage 
differences between the tropical and temperate regions (Bärlocher 1992b). Although temperature 
can influence both community composition and structure, Bärlocher (1992b) suggests that 
ecological context can alter temperature preferences. 
 Although researchers have been evaluating abiotic factors that influence aquatic 
community composition and structure, there remains a knowledge gap in how phylogeny 
influences aquatic fungal species distribution patterns. In community ecology, a phylogenetic 
clustering pattern would suggest that there is a strong habitat filter, an over dispersion pattern 
would suggest competition and no pattern would suggest that neither process is strongly 
affecting the community (Cooper et al. 2008). Obtaining this information is important because it 
can elucidate the driving factors behind community assemblage and provide information on how 
species coexist within the community (Hardy and Senterre 2007) 
 Therefore, contrasting habitats (acidic peatland and alkaline streams) were sampled using 
both culture-dependent and culture-independent methods to compare how phylogeny affects 
community composition and structure at the community and class levels for the nine most 
abundant fungal classes within these habitats. Specifically, four main questions were 
investigated: (1) What fungal species reside within these habitats? (2) Are acidic peatland and 
alkaline stream fungal communities different? (3) Does habitat filtering or species competition 
influence species distribution within these habitats? (4)Are the major fungal classes influenced  
by the same force (habitat filtering or species competition) or do they differ? This research is 
important because examining species distribution patterns within a phylogenetic framework can 
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provide important information such identifying habitat specific lineages as well as understanding 




1.3.1 Sampling sites 
 This study focused on sampling three sites from each of two contrasting freshwater 
habitats: acidic peatlands and alkaline streams. Black Moshannon State Park and Pepper Run 
were sampled in May, early August, and late November 2014 and 2016, with 10 samples 
collected during each month at each sampling location with permission from the Pennsylvania 
Department of Conservation and Natural Resources Bureau of State Parks (Permit number: 
2014-27 and 2016-09) and landowner consent (Pepper Run). Four additional sites were added in 
2016 and sampled as above. Beulah bog (Wisconsin) was sampled with permission from the 
Wisconsin Department of Natural Resources. The Wisconsin Nature Conservancy permitted 
sampling at Honey Creek State Natural Area and the Pennsylvania Nature Conservancy 
permitted sampling at Tannersville Cranberry Bog Preserve. Nescopeck State Park was sampled 
with permission from the Pennsylvania Department of Conservation and Natural Resources, 
Bureau of State Parks (Permit number: 2016-09) (Figure 1.1). All stream sites are cold, neutral to 
alkaline, shallow head water streams that run through dense forests, while all three peatland sites 
contain sphagnum moss (Sphagnum spp.), native carnivorous plants (Drosera ratundifolia L., D. 
intermedia Hayne, Sarracenia purpurea L.), and native cranberry (Vaccinium spp.) species. 
Plant overstory in Tannersville Cranberry bog and Beulah bog contained tamarack (Larix 
laricina (Du Roi) K. Koch), while Black Moshannon State Park contained leather leaf 
(Chamaedaphne calyculata (L.) Moench) and Vaccinium species. Water parameters were 
collected at time of sample collection. Dissolved oxygen and temperature were recorded with a 
YSI 556 handheld multiparameter meter, pH was recorded with a Milwaukee model MW102 pH 
meter, and general hardness (GH), carbonate hardness (KH), nitrate (NO3) and nitrite (NO2) were 





1.3.2 Sample collection and fungal isolation 
 Peatland samples (100 grams) for this project were obtained from submerged detritus 
(approximately 20 cm below the water level) from areas containing Sphagnum spp., native 
carnivorous plants (Drosera spp., Sarracenia spp.), and native cranberry (Vaccinium spp.), while 
stream samples (100 grams) were obtained from sediment and fine detritus on or beneath the 
stream bed (hyporheic zone). Samples were placed into sealable plastic storage bags and 
maintained at 4 °C during transport. A portion of each sample was placed into a 2 ml cryogenic 
vial and stored at -20 °C for environmental sequencing. To obtain fungal isolates, 2 grams of 
each sample was placed into a blender with 200 ml of distilled water, pulsed for 15 seconds to 
thoroughly mix, and 300 µl of the solution was lawn plated onto rose bengal agar (pH 3-5 & pH 
8-10) and tea agar (Mehrotra et al. 1982) using sterilized glass rods. All media contained 0.5 g 
chloramphenicol to inhibit bacterial growth. Plates were wrapped with Parafilm, and May and 
November samples were incubated at 7 °C for the first two weeks, incubated at 14 °C for an 
additional two weeks, and moved to 21 °C thereafter. August samples were incubated at 14 °C 
for the first two weeks and moved to 21 °C thereafter. The different incubation regimes were 
used to isolate fungi that would be preferentially growing at the environmental temperature first, 
and then isolate additional fungi within the sample that may prefer a higher temperature. 
Individual fungal colonies were transferred to malt extract agar (Difco) and incubated at room 
temperature for one week and transferred to 7 °C for storage. Control plates consisted of 
unioculated and water-inoculated plates. Uninoculated control plates were wrapped with 
Parafilm and subjected to the same conditions as the above inoculated plates. Water-inoculated 
control plates consisted of lawn plating 300 µl of sterile water following the above process onto 
two plates of each pH value. Three representative substrate samples from each location were 
microscopically inspected for the presence of fungal hyphae to verify that samples contained 
active fungi. 
 
1.3.3 Identification of fungal isolates 
 Isolate identification was based on the nuclear ribosomal internal transcribed spacer 
region (ITS) (Schoch et al. 2012). Deoxyribonucleic acid (DNA) was obtained through a simple 
NaOH DNA extraction method (Osmundson et al. 2013). DNA was extracted by adding fresh 
mycelium to 200 μL 0.5 M NaOH, ground with a pestle, centrifuged at 14000 RPM for 2 
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minutes, and 5 μL of the resulting supernatant added to 495 μL 100 mM Tris-HCl buffered with 
NaOH to pH 8.5–8.9 (Tris-HCL-DNA extraction solution). Polymerase chain reaction (PCR) 
was conducted on a Bio-Rad PTC 200 thermal cycler with a total reaction volume of 25 µL (12.5 
µL GoTaq® Green Master Mix, 1 µL of each 10 µM primer ITSIF and ITS4, 3 µL Tris-HCl-
DNA extraction solution and 7.5 µL DNA free water). Gel electrophoresis (1% TBE agarose gel 
stained with ethidium bromide) was used to verify the presence of a PCR product before 
purification using a Wizard® SV Gel and PCR Clean-Up System (Promega). A BigDye® 
Terminator 3.1 cycle sequencing kit (Applied Biosystems Inc.) was used to sequence the ITS 
region in one direction using the ITS5 primer on an Applied Biosystems 3730XL high-
throughput capillary sequencer. Sequence quality and base-pair calls were visually reviewed 
using Sequencher 5.1. The identification of unique isolates was determined through the Bayesian 
implementation of the Poisson tree process model (bPTP) (Zhang et al. 2013). Class level 
sequence alignments were completed using MAFFT (Katoh et al. 2002) in PASTA (Mirarab et 
al. 2015), the maximum likelihood tree was constructed with RAxML (Stamatakis 2014) in 
CIPRIS (Miller et al. 2010), and species delineation was completed using the bPTP.py script 
(Zhang et al 2013) with 500,000 iterations. This tree-based species delineation model was chosen 
in place of sequence similarity to reduce the influence of sequence read length on species 
determination, remove anamorph/telomorph nomenclatural redundancies for the same species 
and distinguish the number of cryptic taxa within genera that contain many species with ≥ 97 ITS 
sequence similarity. Final species determination was made through sequence match using 
BLASTn against the NCBI database using the following criteria: 1) genus level: ≥85% query 
coverage with ≥93% ID and 2) species level: ≥85% query coverage with ≥97% ID (Wahl et al. 
2018). 
 
1.3.4 Environmental samples and sequencing 
 As mentioned above, environmental sequence samples were previously collected and 
stored at -20 °C in 2 ml cryogenic vials. Seven samples per site were randomly chosen for a total 
of 42 environmental samples and one negative control. Environmental DNA was extracted from 
approximately 0.4 g of sediment using the MP FastDNA™ Spin Kit for Soil following the 
instruction protocol with the following modifications: samples were stored at -20 °C overnight, 
homogenization was preformed for 12 minutes using a Vortex Genie ™, placed on ice for 5 
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minutes, homogenized for 8 additional minutes, and protein precipitation was completed twice 
per optional protocol. The negative control consisted of using a 400 µL Millipore water sample 
in place of an environmental sample following the same proceedure above. Amplification of four 
nuclear DNA regions (ITS1, ITS2, nuclear ribosomal large subunit (LSU), beta-tubulin) were 
completed using the Fluidigm Access Array (Brown et al. 2016) and the resulting amplicons 
were sequenced on two separate Illumina MiSeq v2 platform runs using rapid 2 × 250 nt paired-
end reads (Table 1.2). The first Illumina sequencing run contained ITS1, ITS2, and beta-tubulin 
Fluidigm amplicons that were size selected into <500nt and >500nt sub-pools, then remixed 
together <500nt: >500nt by nM concentration in a 1x:3x proportion. The second Illumina run 
contained LSU Fluidigm amplicons that were 400 nt-800 nt in length. All amplification and 
sequencing steps were performed at the Roy J. Carver Biotechnology Center at the University of 
Illinois Urbana-Champaign. 
 
1.3.5 Illumina read processing and taxonomic assignment 
 Illumina forward reads were processed in QIIME 1.9 (Caporaso et al. 2010). Only 
forward reads were used because: 1) forward reads were higher quality than reverse reads, 2) 
reads with large insertions would be removed due to lack of paired-end overlap, and 3) retaining 
as much of the sequence data as possible provides a more complete fungal inventory (Wahl et al. 
2018). Sequence reads with a quality score of less than 25 were removed using the 
split_libraries_fastq.py script. Operational taxonomic units (OTUs) for ITS1 and ITS2 were 
binned at 97% similarity using the pick_open_reference_otus.py script using the following 
parameters: otu_picking_method set to uclust, reference_fp set to the UNITE database 
01.12.2017, and min_otu_size set to five. Operational taxonomic units for LSU were binned at 
97% similarity, to be conservative, using the SILVA database (Quast et al. 2013). Taxonomic 
assignment of representative ITS1 and ITS2 OTUs was completed using the UNITE database in 
CONSTAX (Gdanetz et al. 2017), while the online RDP classifier (Wang et al. 2007) was used 
for LSU representative OTU taxonomy assignment. Beta-tubulin OTUs were binned as above 
using a QIIME compatible beta-tubulin database containing 84,477 entries of 200-2500 bp 
reference sequences from the NCBI database (Benson et al. 2005) constructed on June 27, 2018 
using the entrez_qiime.py script (Baker 2016). Beta-tubulin representative OTU taxonomic 
assignments were completed in QIIME using the above database and taxonomic assignment was 
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completed using assign_taxonomy.py using the blast method. Raw and processed data files are 
publically available from the University of Illinois Databank at https://doi.org/10.13012/B2IDB-
6862941_V1. 
 
1.3.6 Phylogenetic tree construction and tree visualization 
 A kingdom level LSU phylogenetic tree was constructed using LSU representative OTUs 
with RDP fungal taxonomic assignment. The OTU sequences were aligned in PASTA with the 
following settings: aligner (MAFFT), merger (Muscle), tree estimator (FastTree), model 
(GTR+G20), max.subproblem (default size), decomposition (centroid), and iteration limit (3). 
The best alignment was evaluated in SeaView, sequences with poor visual alignment across 
several conserved regions were removed, and the resulting alignment was reprocessed in PASTA 
as above with post-processing extra RAxML search. The final LSU tree was reviewed to verify 
that all duplicate OTUs were removed.  
 Class level ITS1 phylogenetic trees were constructed for each of the nine most abundant 
fungal classes using T-BAS scaffolding sequences, sequences from fungal cultures obtained in 
this study and ITS1 OTUs assigned to a class level. All scaffolding sequences and the majority 
of fungal culture sequences obtained in this study consisted of the entire ITS region (ITS1-5.8S-
ITS2). Sequences not assigned to a class were not used for the ITS1 class level analyses. All 
Ascomycota class scaffolding taxa and sequences were obtained from T-BAS (Carbone et al. 
2017) while Basidiomycota class scaffolding sequences were obtained from NCBI based on taxa 
from class trees published in McLaughlin and Spatafora (2015). Mortierellomycetes class 
scaffolding sequences were obtained from NCBI based on representative taxa from Wagner et al. 
(2013). To address artificial clustering due to QIIME OTU over inflation (Edgar 2017), class-
level QIIME OTUs were re-clustered at 97% sequence similarity using USEARCH 9.2 (Edgar 
2010) and the representative cluster sequence was retained. Class level sequence alignment and 
reprocessing were as above except both 5' and 3' regions of scaffolding sequences were manually 
trimmed in MEGA6 (Tamura et al. 2013) prior to re-processing in PASTA. Graphical 
representation was completed in EvolView (He et al. 2016). All alignment files and trees were 





1.3.7 Statistical analyses 
 Community analyses were completed using ITS1 and LSU environmental sampling data 
since these data sets captured the greatest proportion of the fungal community. Four LSU 
samples (BM6, BB23, TV21, and TV24) were removed due to low sequence depth, count data 
was normalized using relative abundance per sample based on hierarchical cluster analysis. The 
relative abundance of OTUs within the ITS1 and LSU datasets were examine for congruency 
using correlation analysis. ViroBlast (Deng et al. 2007) was used to identify ITS1 OTUs with 
high similarity to culture sequences. 
  Alpha diversity, the diversity within a community, was assessed in R statistical software 
(R Core Team 2013) using the Pez (Pearse et al. 2015) and Picante (Kembel et al. 2010) 
packages for species richness, phylogenetic richness, phylogenetic divergence, and phylogenetic 
regularity. Species richness at each site was estimated using the Chao 1 estimator. Phylogenetic 
richness (amount of evolutionary history at each site) was determined using Faith's phylogenetic 
distance (PD), and phylogenetic regularity was determined using the metric Hed (entropic 
measure of phylogenetic diversity) (Cadotte et al. 2012). Phylogenetic regularity is a metric that 
indicates how regularly species are spread along the phylogenetic tree and how evenly distant 
species are apart (Tucker et al. 2017). High Hed suggests that species are more closely related to 
each other, while low Hed suggests a greater proportion of evolutionary distinct species (Cadotte 
et al. 2012). 
 Phylogenetic divergence between habitats was assessed for the nine dominant fungal 
classes using the aforementioned ITS1 class-level phylogenetic trees. Divergence was assessed 
using SES.MPD (standardized effect size of mean phylogenetic distance) and SES.MNTD 
(standardized effect size of the mean shortest taxonomic distance between a species and all 
others) functions in the Pez package in R statistical software. Analyses parameters were 
abundance = weighted (relative abundance), null model = taxa.labels, and permutation set to 
1000. Mean phylogenetic distance was reported to be sensitive to tree-wide distributions, while 
MNTD was reported to be sensitive to the distribution of species at the tree-tips (Tucker et al. 
2017). Statistically higher random SES.MPD and SES.MNTD values as compared to the 
observed values suggest phylogenetic clustering, while lower random SES.MPD and 




  Beta-diversity, the difference between communities, was assessed in R statistical 
software using: 1) adonis function (permutational distance based multivariate analysis of 
variance (PERMANOVA)) in the GUniFrac package (Chen et al. 2012) using the generalized 
Unifrac distance matrix with alpha 0.5 and 1000 permutations, 2) anosim function (analysis of 
similarity) within the vegan package (Oksanen et al. 2018) using a Bray-Curtis dissimilarity 
distance matrix and 1000 permutations, 3) anosim function using presence/absence matrix and 
1000 permutations, 4) adonis function in the vegan package with the Bray-Curtis dissimilarity 
distance matrix (relative abundance). Bray-Curtis dissimilarity was used because it was found to 
be one of the least vulnerable distance matrix indices to several types of errors (Schroeder and 
Jenkins 2018) and generalized Unifrac distance matrix with alpha 0.5 was found to be more 
robust than unweighted-Unifrac or weighted-Unifrac distance matrixes (Chen et al. 2012). For 
both LSU and ITS1 analyses, the removal of OTUs with ≤ 9 count data or presence-absence 




1.4.1 Culture-dependent methods 
 Microscopic inspection of detrital samples indicated an active fungal community at each 
site. A total of 1383 strains were isolated in culture, for which sequence data was obtained for 
1196 (86.5%), of which 1100 (92%) had very high quality match (E-value ≤ 1E
-50
) to an ITS1 
representative OTU and 1120 (93%) of the culture sequences had the same level match to an 
ITS2 representative OTU. The resulting isolates consisted of 30 orders representing 161 genera 
comprising 521-523 unique isolates of which 25% were shared between the peatland and stream 
habitats. The isolates consisted of 88% Ascomycota, 10% Basidiomycota, and 2% combined 
Mucoromycota and Mortierellomycota. The most frequently isolated classes within Ascomycota 
were Sordariomycetes (36%), Dothideomycetes (20%), and Eurotiomycetes (19%), and the most 
frequently isolated classes within the Basidiomycota were Tremellomycetes (7%) and 
Microbotryomycetes (2%). Isolates within Mucoromycota (1.3%) were isolated more frequently 
than isolates within Mortierellomycota (0.7%). Several peatland plant-associated fungi were 
isolated including Chalara vaccinii, Godronia cassandrae and Ustanciosporium gigantosporum. 
In addition, fungi frequently collected in polar regions were isolated including Cryptococcus 
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filicatus, C. gastricus, C. saitoi, C. macerans, Mrakia blollopis, Rhodotorula glacialis and 
Recurvomycetes mirablis. 
 
1.4.2 Culture-independent methods 
 Illumina sequencing produced: 2,267,937 ITS1 forward reads of which 67% passed 
quality resulting in 6578 fungal OTUs; 1,838,408 ITS2 forward reads of which 69% passed 
quality resulting in 4335 fungal OTUs; 2,654,311 beta-tubulin forward reads of which 77% 
passed quality resulting in 1563 OTUs; 10,364,390 LSU forward reads of which 59% passed 
quality resulting in 7025 fungal OTUs. Beta-tubulin OTU taxonomic assignments were found to 
be unreliable due to limited species representation, and average QIIME OTU over inflation was 
higher for ITS2 (23%) as compared to ITS1 (16%) forward reads. Rarefraction analysis indicated 
that sampling depth was adequate for most sites and hierarchical cluster analysis of the ITS1 
OTUs indicated that the site sample clustering was not altered by the removal of rare taxa 
(Figure 1.2). Pearson's correlation indicated significant correlation (p < 0.001) between the 
proportion of ITS1 and LSU OTUs assigned to taxonomic rank at the class (r
2
 = 0.97), order (r
2
 
= 0.90), and family (r
2
 = 0.61) levels.  
 The ITS1 OTU taxonomic assignment consisted of 47% Ascomycota, 16% 
Basidiomycota, 1% Chytridiomycota, 3% Mortierellomycota, 0.3% Mucoromycota, 30.7% 
unknown fungi, and 2% other fungi. The LSU OTU taxonomic assignment consisted of 77% 
Ascomycota, 17% Basidiomycota, 4% Chytridiomycota, 0.4% Mortierellomycota, 0.1% 
Mucoromycota, 0.9% unknown Fungi, and 0.5% other Fungi. Sordariomycetes (16-21%), 
Dothideomycetes (16-19%), and Leotiomycetes (13-22%) were the most represented classes in 
the Ascomycota. The Agaricomycetes (13-14%), Tremellomycetes (2-7%), and 
Microbotryomycetes (1-2%) were the most represented classes in the Basidiomycota and the 
most represented class in the Zygomycotan fungi was Mortierellomycetes (0.4-4%) (Figure 1.3). 
The most abundant OTUs per stream habitats were assigned to the genera Flagellospora, 
Ganoderma, Hannaella, Mortierella, Neobulgaria, Neonectria, Neopestalotiopsis, 
Paraconiothyrium, Penicillium, Plectosphaerella, Preussia, Pyrenochaetopsis, Ramularia, 
Sphaerulina, Tolypocladium, in addition to 10 unidentified fungal OTUs. The most abundant 
OTUs per peatland habitats were assigned to the genera Amanita, Lactarius, Lipomyces, Russula, 
Sugiyamaella, Tomentella, in addition to 12 unidentified fungal OTUs. In total, 1131 unique 
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taxonomic determinations were assigned from across all six sites using ITS1, ITS2, beta-tubulin 
and culture data (Table A.1). The LSU RAxML cladogram indicated that most Basidiomycota, 
Chytridiomycota, and Zygomycotan fungal OTUs formed well defined clusters, whereas the 
Ascomycota classes did not form well defined clusters. Most of the unknown assigned taxa were 
within the Ascomycota (Figure 1.4). The majority of the unknown Ascomycota OTUs were 
placed within a Dothideomycetes or Leotiomycetes cluster. An unidentified Dothideomycetes 
OTU cluster was associated with the stream habitat, and an unidentified Leotiomycetes OTU 
cluster was associated with the peatland habitats (Figure 1.4).  
 
1.4.3 Alpha and Beta diversity 
 Alpha-diversity metrics indicated that stream sites were more rich in both number of 
species and phylogenetic diversity as compared to peatland sites (Table 1.3). Analysis of the nine 
most abundant fungal classes indicated that phylogenetic clustering occurred in eight out of nine 
fungal classes. Peatland habitats demonstrated MPD clustering in three Ascomycota classes 
(Dothideomycetes, Saccharomycetes, and Sordariomycetes) and two Basidiomycota classes 
(Microbotryomycetes and Tremellomycetes), whereas the stream habitats demonstrated MPD 
clustering in one Ascomycota class (Leotiomycetes), one Basidiomycota class (Agaricomycetes), 
and within the Mortierellomycota (class Mortierellomycetes) (Table 1.4, Figures 1.5–1.13). 
Peatland habitats demonstrated MNTD clustering in four Ascomycota classes (Dothideomycetes, 
Leotiomycetes, Saccharomycetes, and Sordariomycetes), and two Basidiomycota classes 
(Agaricomycetes and Tremellomycetes), whereas stream habitats demonstrated MNTD 
clustering in the Ascomycota class Leotiomycetes and within the Mortierellomycota class 
Mortierellomycetes (Table 1.4). Phylogenetic beta-diversity analysis indicated that the peatland 





 = 0.22), and region (r
2
 = 13) (Figure 1.14). Adonis and ANOSIM results were 




 Culture-dependent and culture-independent analyses indicated that the fine detritus 
fungal community of each habitat harbors a diverse fungal community (Supplemental A.1), and 
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contains numerous, abundant unknown taxa (Figure 1.4). In addition, the results from this study 
suggest a diverse fungal community (twelve phyla) with most taxa in Ascomycota, 
Basidiomycota and Mortierellomycota corroborating previous studies (Duarte et al. 2014; Seena 
et al. 2019; Tian et al. 2018; Wurzbacher et al. 2018). Although the main focus of this research is 
on the three dominant phyla (Ascomycota, Basidiomycota and Mortierellomycota) representing 
the majority of the fungal community, it is important to briefly mention the other nine phyla 
present within these habitats. 
 Chytridiomycota are microscopic fungi found in terrestrial and aquatic habitats that are 
important decomposers of particulate organic matter and occur as plant and animal parasites 
(Gleason et al. 2008; Sparrow 1960). This study discovered representative OTUs in four classes 
(Chytridiomycetes, Lobulomycetes, Rhizophydiomycetes and Spizellomycetes) with the most  
represented genera consisting of Lobulomyces (peatland), Odontochytrium (peatland and stream) 
and Rhizophydium (peatland and stream). Although no chytrid cultures were obtained, 
microscopic evaluation of habitat samples revealed eucarpic chytrids on Micrasterias truncata 
Brébisson ex Ralfs, eucarpic chytrids infecting an arthropod egg, an unidentified Podochytrium 
chytrid infecting a Pinnularia sp. and a Polychytrium chytrid infecting pollen (Figure 1.15). 
These findings are consistent with previous research indicating the importance of chytrids as 
pathogens and decomposers within peatlands and stream habitats. Ittner et al. (2018) indicated 
that chytrid are unique in their ability to degrade the outer pollen wall to obtain nutrients, and 
James et al. (2006) indicated the ubiquitous nature of chytrids in aquatic ecosystems and their 
importance as algae pathogens and saprobes. 
 The phylum Entomophthoromycota contained one OTU (Basidiobolus ranarum Eidam) 
from two stream locations. Basidiobolus ranarum has a global species distribution and has been 
found to live saprobically in decaying plant matter (Drechsler 1956). The phylum 
Entorrhizomycota was represented by two OTUs (both Entorrhiza species) from two peatland 
locations. Entorrhiza species are pathogens associated with the roots of Cyperaceae (sedge) 
species (Riess et al. 2019). Sampled peatland sites contain several species of sedges (Carex 
disperma Dew, C. folliculata L., C. intumescens Rudge, C. lacustris Willd., C. oligosperma 
Michx., C. trisperma Dew., Dulichium arundinaceum (L.) Britton, Eriophorum virginicum L.) 
(Halma 1980) so the presence of these species within the submerged detritus is highly plausible. 
Fungi within the phylum Glomeromycota are known to form arbuscular mycorrhiza with 
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bryophytes and vascular plants (Oehl et al. 2011; Zhang and Guo 2007) and this phylum was 
represented by two OTUs both within one peatland site. Zhang et al. (2017) also identified 
several OTUs with taxonomic determination to Glomeromycota from three peatland sites in 
China.   
 The phylum Monoblepharomycota are zoosporic fungi with oogamous sexual 
reproduction and are only known as saprobes (McLaughlin and Spatafora 2014). Representative 
OTUs were found in all peatland sites and in one stream site. Interestingly, Kiziewicz (2015) 
found Monoblepharidales when seed baiting various bodies of water (lakes, pond, river, spring) 
in Poland suggesting a broad aquatic distribution. The phylum Mucoromycota was represented 
with five genera: Bifiguratus, Endogone, Mucor, Rhizomucor and Umbelopsis. Endogone species 
were only found within peatland habitats which is consistent with the fact that these species are 
generally found in humus-rich soils, leaf mold or associated with mosses (William and Finney 
1964). Bifiguratus adelaidae has been previously isolated from soils and as a moss endophyte 
(U'ren et al. 2010) and was identified in peatland and stream habitats. Mucor species have been 
previously reported in peatland and stream habitats as saprobes (Golovchenko et al. 2013; Seena 
et al. 2019 ) although it should be noted that Seena et al. (2019) found a large percentage of 
Mucoromycota on decaying leaves. Importantly, all Mucor OTUs were identified using the ITS2 
data set demonstrating a potential issue with the ITS1 primer pairs for this genus. Rhizomucor 
was only identified from culturing techniques and Umbelopsis was identified within the ITS1, 
ITS2, and culture data sets.  
  The last three phyla are Olipidiomycota, Rozellomycota and Zoopagomycota. Only one 
OTU representative of Olipidiomycota was recorded within one stream site. Olipidiomycota 
species are typically internal parasites of algae, fungi, rotifers and plant roots (Mehrotra and 
Aneja 1990). The phylum Rozellomycota was represented by two OTUs but was found in all 
sampled locations. One representative, Paramicrosporidium saccamoebae, is an intranuclear 
parasite of the genus Saccamoebae of which at least one species was confirmed to be present 
(Saccamoebae lucens) at the stream sites through microscopic examination of substrate samples. 
Lastly, Zoopagomycota was represented by the genus Syncephalis which are obligate parasites of 
saprobic microfungi in the subphyla Mortierellomycotina and Mucoromycotina (Lazarus et al. 
2017) further supporting the presence of Mortierellomycota and Mucoromycota species as 
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decomposers. These nine phyla represent a small portion of the overall fungal community but 
should not be overlooked in their contributions to environmental processes. 
 
1.5.1 Ascomycota: Dothideomycetes 
 Dothideomycetes are the largest, most diverse class within the Ascomycota with the 
subclass Pleosporomycetidae containing the majority of the aquatic fungal lineages (McLaughlin 
and Spatafora 2015). At least 200 species of freshwater Dothideomycetes have been identified 
but due to sample bias (Shearer et al. 2014) it is not evident how prevalent this class is on fine 
detritus. Most Dothideomycetes species are thought to be saprobes within terrestrial and aquatic 
ecosystems, but some species can be plant/animal pathogens, mycoparasites, or can form lichen 
or mycorrhizal associations (McLaughlin and Spatafora 2015). In this study, Dothideomycetes 
species were the dominant Ascomycota class within the stream habitats but were less dominant 
within peatland habitats (Figure 1.5). This suggests some level of nutrient enrichment within the 
examined stream habitats because Duarte et al. (2014) indicated a shift from Leotiomycetes to 
Dothideomycetes as the dominant Ascomycota class under stream eutrophication, and the 
Dothideomycetes are reported to increase in agricultural soil following nitrogen fertilization 
(Frac et al. 2018). 
 In this study, ITS1 community phylogenetic analyses indicated that there were significant 
phylogenetic clustering for both MPD (basal metric) and MNTD (tip metric) analyses for the 
peatland habitats, but not for the stream habitats (Table 1.4) which was consistent with the 
phylogenetic distance (PD) analyses results (Table 1.3, Table 1.4). This means that within the 
class Dothideomycetes, peatland habitats contain less phylogenetic history and more species per 
genus than by chance. Importantly, phylogenetic clustering suggests that habitat filtering is 
occurring on the Dothideomycetes in peatland habitats but not within the stream habitats. There 
are several stream OTU clusters consisting of the genera Epicoccum, Lophiostoma and 
Ramularia, while there are two unknown peatland OTU clusters. One of these unknown peatland 
OTU clusters may represent the genus Meristemomyces based on NCBI blast results. In addition, 
it was not possible to culture many of the Dothideomycetes taxa identified using culture-
independent techniques which is likely due to a wide-range of life strategies (Crous et al. 2009) 




1.5.2 Ascomycota: Eurotiomycetes 
 The Ascomycota class Eurotiomycetes contains widely recognized fungal taxa including 
Aspergillus and Penicillium, in addition to keratinophilic species within the Onygenales 
(McLaughlin and Spatafora 2015). Eurotiomycetes taxa can be found in hyper-saline 
environments, grow on animal skin, form lichens, and in contrast to other Ascomycota classes, 
Eurotiomycetes has few plant pathogens (McLaughlin and Spatafora 2015). Within the peatland 
and stream habitats, Eurotiomycetes OTUs were more numerous within the stream habitats as 
compared to peatland habitats, and overall not as numerous as the Dothideomycetes, 
Leotiomycetes and Sordariomycetes (Figure 1.6). Previous studies (Duarte et al. 2015; Kujala et 
al. 2018; Wurzbacher et al. 2018) of peatland and stream habitats also support the presence of 
Eurotiomycetes within these habitats at a lesser abundance than the Dothideomycetes, 
Leotiomycetes and Sordariomycetes. Interestingly, Seena et al. (2019) indicated that in streams, 
Eurotiomycetes abundances on submerged leaves was high when the temperature was ≥ 8.6 °C 
suggesting that the abundance of this class is likely to change within these environments as 
global temperatures increase. Additionally, although the Eurotiomycetes may vary in overall 
abundance using culture-independent techniques, Thormann and Rice (2007) indicated that 
Aspergillus and Penicillium were some of the most frequently cultured genera within peatland 
habitats. 
  Community phylogenetic metrics did not indicate phylogenetic clustering or over 
dispersion for either MPD or MNTD (Table 1.4). This result may be misleading because the 
sequence variability of ITS is insufficient to distinguish between many Aspergillus and 
Penicillium species causing artificial consolidation of OTUs (Skouboe et al. 1999). In addition, 
the ITS1 class cladogram (Figure 1.6) contains one large region with no peatland or stream 
OTUs representation. This location is represented by T-BAS backbone species within the 
Verrucariales, which are mainly lichen-forming fungi. However, one Verucariales OTU was 
found in several samples within the ITS2 dataset. Therefore, these habitats are not devoid of 
Verrucariales species as suggested by the ITS1 OTU data set. 
 In addition, beta-tubulin was proposed as a secondary marker for both Penicillium and 
Aspergillus genera (Balajee et al. 2007; Visagie et al. 2014). While beta-tubulin OTU taxonomic 
assignments were found to be unreliable for most fungi due to insufficient representation, the 
beta-tubulin sequence database had a good representation of members within the 
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Eurotiomycetes. Therefore, beta-tubulin OTU taxonomic assignment was used in addition to 
both ITS1 and ITS2 OTUs to provide a more complete indication of what Eurotiomycetes 
species reside within peatlands and streams (Table A.1). 
 
1.5.3 Ascomycota: Leotiomycetes 
 The phylogeny within Leotiomycetes needs further refinement as evident by polytomies 
and long branches (McLaughlin and Spatafora 2015). In spite of incomplete phylogenetic 
resolution, multiple aquatic phylogenetic lineages have been proposed throughout the 
Leotiomycetes that contain well known aquatic genera including Articulospora, Filosporella, 
Flagellospora, Helicodendron, Mitrula, Tetracladium and Trichadium (Baschien et al. 2013; 
Wang et al. 2005). In addition, the order Helotiales was shown to be well represented in a study 
on fungal diversity of non-mycorrhizal, aquatic, root-associated fungi. In this study, 
Leotiomycetes was the dominant Ascomycetes class within the peatland sites and the third 
largest class within the stream sites. Previous research (Duarte et al. 2015; Frac et al 2018) has 
shown that Leotiomycetes diversity declines under nitrogen and phosphorous enrichment. This 
reason would be consistent with high Leotiomycetes abundance within nitrogen poor peatlands 
and lower abundance of Leotiomycetes within this study's stream sites. All stream sites are in the 
vicinity of agricultural fields or animal pastures and likely receive nitrogen input from runoff.    
 Community phylogenetic analyses indicated a significant phylogenetic clustering for 
MPD and MNTD for the stream habitats, while peatland habitats only had significant 
phylogenetic clustering for MNTD (Table. 1.4). This indicates that for Dothideomycetes, stream 
habitats have lower phylogenetic history and more species per genus than by chance, while 
peatlands have more species per genus than by chance. The phylogenetic clustering is visually 
evident (Figure 1.7) with several interesting clusters particularly within the Meliniomyces due to 
a strong stream cluster between two peatland clusters. Meliniomyces species are sterile in culture 
and have been isolated from ericaceous and ectomycorrhizal roots. However, true 
ectomycorrhizal and ericaceous associations under laboratory conditions could not be confirmed 
(Hambleton and Sigler 2005). In addition, there is a peatland Acephala OTU cluster (potential 
root-associated species (Kohout et al.2012)), unidentified OTU peatland clade, a stream 




1.5.4 Ascomycota: Saccharomycetes 
 The distribution of Saccharomycetes species is global and they are found in many 
habitats including freshwater and marine habitats (McLaughlin and Spatafora 2015). 
Saccharomycetes species can be insect-associated, plant pathogens, and saprotrophs. Candida 
and Pichia were the most common genera found in peatlands (Thormann et al. 2007), while 
Candida species were the most common species found on decaying leaves in temperate streams 
(Hagler et al. 2017). 
 Saccharomycetes species were present within this study but not as common as the 
aforementioned Ascomycota classes and the Sordariomycetes. Golovchenko et al. (2013) 
indicated that Candida species were considered rare, occurring in 10-30% of collected samples. 
Wurzbacher et al. (2018) found Saccharomycetes species with similar abundance in coarse and 
fine particulate organic matter within streams. Community phylogenetic analyses indicated a 
significant phylogenetic clustering for MPD (low phylogenetic history) and MNTD (species rich 
genera) for the peatland habitats (Table. 1.4). There are two peatland OTU clusters (Figure 1.8) 
represented by Lipomyces and Sugiyamaella. Lipomyces species are unique because they require 
nitrogen-free culture-media (Danielson and Jurgensen 1973), which supports their presence in 
low nitrogen habitats like peatlands. No Lipomyces cultures were obtained because the minimal 
media used in culturing was tea leaf agar and tea leaves contain around 4% nitrogen (Barua and 
Deb 1960). Sugiyamaella species are typically isolated from woody substrates or isolated from 
wood-ingesting insects (Houseknecht et al. 2011). One Sugiyamaella culture was obtained from 
a peatland site providing a culture for future functional analyses. Overall, numerous 
Saccharomycetes cultures were obtained but were generally clustered within the phylogeny 
(Figure 1.8) suggesting an alternative culture medium would be beneficial for the isolation of 
these species as in the case with Lipomyces species. 
 
1.5.5 Ascomycota: Sordariomycetes 
 Sordariomycetes species appear in almost every ecosystem and can be saprobes or 
endophytes, or occur as pathogens of arthropods, mammals, nematodes and other fungi 
(McLaughlin and Spatafora 2015). Previous studies reported several orders contain more than 
one genera of freshwater species including Diaporthales, Hypocreales, Microascales, 
Savoryellales, Sordariales and Xylariales (Cai et al. 2014). In addition, Maharachchikumbura et 
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al. (2015) included two additional orders, Luworthiales and Jobellisiales, within the list of 
aquatic genera. 
 Sordariomycetes was the second largest Ascomycota class within both habitats, which is 
consistent with Sordariomycetes being one of the three dominate class within these ecosystems 
(Duarte et al. 2015; Kujala et al. 2018; Wurzbacker et al. 2018). Within this class, Hypocreales, 
Sordariales and Xylariales contained the most species (Table A.1). In addition, both ITS2 and 
beta-tubulin data sets were important in capturing more of the Sordariomycetes species because 
several genera, Biscogniauxia, Diaporthales, Neonectria, and Whalleya, were not sequenced 
with the ITS1 primer pairs. 
 Consistent with Figure 1.9, community phylogenetic analyses indicated a significant 
phylogenetic clustering for MPD and MNTD for peatland habitats with no significant 
clustering/over dispersion for the stream habitats (Table 1.4). There are two unknown peatland 
clusters and one cluster that is close to the three Lasiophaeria T-BAS backbone reference 
sequences suggesting that this cluster could belong to the same genus. Therefore, this unknown 
peatland cluster is likely Lasiosphaeria sphagnorum of which no ITS sequences currently exists 
in GenBank (A.N. Miller, personal communication 05-03-2019). Stream habitats have numerous 
Acremonium, Clonostachys, Neonectria, and Plectosphaerella OTUs suggesting that these 
groups are active within these ecosystems. Cultures obtained for this class were found 
throughout the phylogenetic tree but no cultures were obtained for the three unidentified peatland 
OTU clusters suggesting that some important peatland Sordariomycetes species exist that need 
further study.  
  
1.5.6 Basidiomycota: Agaricomycetes 
 Agaricomycetes contain around 21,000 described species and many produce large, 
macroscopic fruiting bodies (McLaughlin and Spatafora 2014). Agaricomycetes species are less 
common within aquatic ecosystems and have reduced fruiting bodies (Jones and Choeyklin 
2014). Previous studies identified Collybia, Cortinarius, Galerina, Hebelma, Hypholoma, 
Lactarius, Mycena, Russula, and Tomentella as common peatland genera (Golovchenko et al. 
2013; Thormann and Rice 2007). In this study, Agaricomycetes was the largest Basidiomycota 
class which was consistent with previous research (Kujala et al. 2018; Zhang et al. 2017) 
studying the fungal communities of peatlands in China and Finland. Zang et al. (2017) indicted 
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that Agaricales, an order within the Agaricomycetes, contained some of the most abundant OTUs 
in their investigation of peatlands in China.  
 Community phylogenetic analyses indicated a significant phylogenetic clustering for 
MPD for the stream habitats (lower than expected phylogenetic history), conversely peatland 
habitats demonstrated a significant phylogenetic clustering for MNTD (great number of species 
per genus than expected). These results were not surprising because ectomycorrhizal lineages are 
known to be associated with the Larix species present at two of the peatland sites (Golovchenko 
et al. 2013). Ectomycorrhizal Agaricomycetes lineages were not expected to be within stream 
detritus. However, upon microscopic examination small tree root tips, presumably from trees 
near the streams, were found within several stream detrital samples providing support for the 
ectomycorrhizal Agaricomycetes stream OTUs present within this study.    
 This research demonstrated that peatland OTUs clustered to several of the 
aforementioned common peatland genera including Cortinarius, Lactarius and Russula, in 
addition to Amanita, Craterellus, Hypochnicium, Postia, Ramariopsis and two unknown OTUs 
clusters (Figure 1.10). Several species of Hypochnicium and Postia have been previously 
indicated as part of the peatland wood decaying community in West Siberia by Filippova and 
Zmitrovich (2013). Stream habitat OTU clusters consisted of Coprinopsis and Trechispora. 
Interestingly, Anastasiou (1976) isolated a Coprinopsis species from an alkaline lake. It is noted 
that only one representative culture (Tyromyces chioneus) from the Agaricomycetes was 
obtained from all six sites. This low representation of Agaricomycetes species was expected due 
to culture biases (Collado et al. 2007). 
 
1.5.7 Basidiomycota: Microbotryomycetes 
 Microbotryomycetes is the second largest class in subphylum Pucciniomycotina and 
many species are recovered in a yeast stage from culture sampling techniques (McLaughlin and 
Spatafora 2014). Microbotryomycetes represents the smallest of the nine most abundant classes 
in this study with about 2% of the total OTUs. Sporidiobolales was the most represented order 
with nine species. Community phylogenetic analyses indicated a significant phylogenetic 
clustering for MPD for the peatland habitats which suggests stronger environmental filtering 
within the peatland habitats as compared to the stream habitats for the class Microbotryomycetes 
(Table 1.4). Interestingly, there is one unidentified stream OTU cluster and the two most 
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abundant OTUs within this class are unidentified (Figure 1.11). Although cultures were obtained 
throughout the class, a thorough review of the species ecologies is needed to see if additional 
species could be cultured. 
  
1.5.8 Basidiomycota: Tremellomycetes 
 Tremellomycetes are found in both terrestrial and aquatic habitats and are also typically 
isolated in a yeast stage (McLaughlin and Spatafora 2014). The genus Cryptococcus has been 
frequently isolated from peatland habitats (Golvchenko et al. 2013) and is also frequently 
encountered in environmental sampling of both peatland and stream habitats (Kujala et al. 2018; 
Wurzbacher et al. 2018; Zhang et al. 2017). In this study, Tremellomycetes was the second 
largest Basidiomycota class which is in agreement with Wurzbacher et al. (2018) who also found 
the Tremellomycetes to be the second largest Basidiomycota class within stream course and fine 
particulate organic matter. 
 Community phylogenetic analyses indicated a significant phylogenetic clustering for 
MPD and MNTD for the peatland habitats (Table 1.4) indicating lower phylogenetic history and 
more species per genus than expected. Peatland habitats have numerous Goffeauzyma and 
Papiliotrema OTUs, while numerous Dioszegia, Guehomyces, Hannaella and Solicoccozyma 
OTUs occur in stream habitats (Figure 1.12). Interestingly, there is a large Saitozyma complex 
(Figure 1.12) where most of the OTUs are shared between habitats. However, the Saitozyma 
complex is likely due to incorrect taxonomic assignment and represents a potentially unknown 
lineage since it contains no scaffolding sequences. Further inclusion of all known 
Tremellomycetes species into the class level phylogeny tree is needed to refine the identity and 
placement of this complex. 
 
1.5.9 Mortierellomycota: Mortierellomycetes 
 Mortierellomycetes currently contain the genera Aquamortierella, Dissophora, 
Gamsiella, Mortierella, Modicella and Lobosporangium (Nalin et al. 2018) and are frequently 
found in aquatic habitats (Kinsey et al. 2003; Thormann et al. 2003; Thormann et al. 2004). In 
this study, Mortierellomycetes represented 3% of the ITS1 OTUs with most OTUs found within 
the stream habitats. Community phylogenetic analyses indicated a significant phylogenetic 
clustering for both MPD and MNTD within the stream habitats (Table 1.4). Upon further 
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investigation, the phylogenetic clustering is likely due to two stream clades containing numerous 
OTUs. Several Mortierellomycetes cultures were obtained but neither of the two most abundant 
stream OTUs were cultured (Figure 1.13). Additional research is needed on the 
Mortierellomycetes to determine the extent of phylogenetic clustering in stream habitats and 
further sampling is required to identify the two most abundant OTUs. 
 
1.5.10 Are peatland and stream fungal communities different? 
 Adonis and anosim analyses indicated that sample site was the most important factor for 
differences between peatland and stream fungal communities, followed by habitat and finally 
geographical distance (paired-sites and state). In addition, Phylogenetic analyses using 
generalized Unifrac 0.5 distance matrix indicated that peatland and stream communities are 
different and that there is a phylogenetic component to species distribution (Figure 1.14). This 
means that not only are there different species at each habitat, it also means that it's likely that 
closely related species co-occur within a habitat. Many fungal species are associated with plant 
roots, pathogens of particular plant species, or form ericoid or ectomycorrhizal associations 
(McLaughlin and Spatafora 2014). Beulah Bog and Tannersville Cranberry Bog have very 
similar generalized UniFrac distance matrixes (Figure 1.14) which is likely due to the presence 
of Larix species that are absent from the bog at Black Moshannon State Park. It has been 
reported that Larix species are associated with some specialist ectomycorrhizal fungi (Miyamoto 
et al. 2019). Similarly, streams at Nescopeck State Park and Pepper Run have some phylogenetic 
overlap and both have a predominant Tsuga canadensis overstory, whereas the stream at Honey 
Creek has a predominant deciduous overstory. In addition, higher PD and lower Hed values for 
the stream habitats as compared to the peatland habitats (Table 1.3) support the above class level 
community phylogenetic clustering patterns and suggest that there is greater habitat filtering 
occurring within the peatland habitats as compared to the stream habitats. 
 
1.5.11Methodological concerns 
 This study utilized both culture-dependent and culture-independent techniques to 
examine habitat distribution patterns within a phylogenetic framework. Culture-independent 
techniques have some issues 1) no single gene target is perfect, 2) there are database limitations 
with taxonomic assignment and 3) any DNA within the sample can be sequenced without regard 
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to the state of the organism (inactive, actively growing, or dead) (Tedersoo et al. 2015). 
Recently, Tedersoo et al. (2015) determined that both LSU and SSU had lower species level 
discrimination power as compared to the ITS region which is likely due to the fact that they are 
more conserved. In addition, long introns within the ITS region can prevent amplification and 
sequencing, and it has been noted that pyrosequencing technology preferentially amplifies 
shorter sequences (Tedersoo et al. 2015). The aim of this study was to determine habitat 
distributional pattern within a phylogenetic framework requiring the use of multiple regions 
including ITS1, ITS2, LSU and beta-tubulin. Although ITS2 was prefered by Tedersoo et al. 
(2015), this study found that ITS2 had greater OTU inflation and did not capture as much of the 
community as the ITS1 region. However, no single gene region captured all of the fungal 
diversity. In addition, the ITS region cannot be aligned across the entire fungal kingdom so the 
LSU region was beneficial for determining the phylogenetic placement of unidentified fungal 
OTUs. 
 Taxonomic assignment also has limitations because current sequence databases do not 
contain all of the known fungi and are not equally represented among the various taxa. Incorrect 
species level taxonomic assignments can be visualized within the kingdom level LSU cladogram 
(Figure 1.4) and within many of the ITS1 class level cladograms (Figures 1.5–1.13), however by 
placing OTUs within a phylogenetic framework these issues can be visualized and addressed 
prior to analyses. Lastly, placing OTUs within a phylogenetic framework could assist with the 
identification of common genera within these habitats. A literature review indicated that genera 
identified from previous research matched conspicuous OTU clusters within the class 
cladograms of this study. Therefore, further analyses should be completed to determine if OTU 
clusters are good indicators of important genera.  
 
1.5.12 Conclusions 
 In summary, all sites contain numerous unidentified, abundant taxa but stream habitats 
contain more species, have greater phylogenetic diversity, and possess greater phylogenetic 
distinctiveness as compared to peatland habitats. In addition, analysis of the nine most abundant 
fungal classes indicated that phylogenetic clustering was more prominent within peatland 
habitats as compared to stream habitats. Lastly, site variation had the greatest impact on 
community structure, followed by habitat, and pair-sites. This research represents the first in-
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depth study of how streams and peatlands differ in their community structure and provides a 
robust framework to elucidate how major groups of fungal taxa are distributed across multiple 
habitats while providing insight on where to search and how to isolate unidentified taxa. In 
addition, this research clearly identifies habitat specific species clusters providing valuable 




1.6 TABLES AND FIGURES 
 
Table 1.1. Physical and chemical properties of sampling sites. 
 Peatlands  Streams 














Designation kettle bog fen acid poor fen  cold water cold water cold water 
State Wisconsin Pennsylvania Pennsylvania  Wisconsin Pennsylvania Pennsylvania 
Latitude 42° 49.164'N 40° 54.049'N 41° 02.236'N  43° 22.865'N 41° 05.569'N 41° 03.121'N 
Temp. °C        
 May 12.7±0.2 12.2 ± 3.7 18.2 ± 1.7  12.8 ± 0.3 13.5 ± 0.5 13.1 ± 1.3 
 July/August 19.5 ± 0.5 19.1 ± 1.4 18.9 ± 0.9  13.4 ± 0.3 16.7 ± 0.2 15.9 ± 1.8 
 November 12.9 ± 0.2 1.0 ± 0.1 8.6 ± 0.2  11.4 ± 0.3 6.9 ± 0.2 5.0 ± 0.1 
GH (ppm) < LOD < LOD < LOD  180 0 – 30 0 – 30 
KH (ppm) < LOD < LOD < LOD  120 < LOD 0 – 40 
pH 5.1 – 5.4 5.1 – 6.5 4.8 – 5.3  7 – 8 7 – 7.5 7 – 8.2 
NO2 (ppm) < LOD < LOD < LOD  < LOD < 0.5 < LOD 
NO3 (ppm) < LOD < LOD < LOD  0 – 20 0 – 20 0 – 20 
DO (%) < 20 < 20 < 20  > 80 > 80 > 80 







Table 1.2. Fluidigm amplification primers. 
Amplification target Primer Primer sequence Reference 
BT2 BT2AF 5'-GGTAACCAAATCGGTGCTGCTTTC-'3 
Glass and Donaldson 1995 
 BT2BR 5'-ACCCTCAGTGTAGTGACCCTTGGC-'3 
LSU LROR 5'-CCGCTGAACTTAAGCATATCA-'3 Vilgalys and Hester, 1990 
 LR3 5'-CCGTGTTTCAAGACGGG-'3 Vilgalys & Gonzalez 1990 
ITS1 ITS1F 5'-CTTGGTCATTTAGAGGAAGTAA-'3 Gardes and Bruns 1993 
 ITS2 5'-GCTGCGTTCTTCATCGATGC-'3 White et al. 1990 
ITS2 fITS7 5'-GTGARTCATCGAATCTTTG-'3 Ihrmark et al. 2012 






Table 1.3. Site alpha-diversity metrics. 
Sites  Richness  Regularity
 1
 
  Chao 1 (LSU) Chao 1 (ITS1) Faith's PD 1  Mean HeD 
Streams       
Pepper Run  4633 2558 201  29 
Nescopeck  4995 2436 218  24 
Honey Creek  2619 2480 127  46 
Peatlands       
Tannersville  1945 1877 85  57 
Beulah Bog  1487 1322 83  77 
Black Moshannon  1596 1794 99  56 
1





Table 1.4. Phylogenetic structure of the nine most abundant fungal classes found within 
peatland and alkaline stream habitats.  





















P 20.7 174 1.06 1.17 0.03 0.001  0.11 0.15 0.01 0.003 
  S 44.3 520 1.16 1.17 0.01 0.078  0.09 0.09 0.00 0.472 
 Eurotio-
mycetes 
P 8.8 50 0.87 0.93 0.06 0.136  0.17 0.20 0.02 0.164 
  S 14.0 106 0.94 0.94 0.02 0.521  0.13 0.13 0.01 0.293 
 Leotio-
mycetes 
P 38.2 275 1.13 1.08 0.03 0.974  0.13 0.16 0.01 0.002 
  S 41.6 318 1.00 1.08 0.02 0.001  0.13 0.15 0.01 0.018 
 Saccharo-
mycetes 
P 8.2 39 1.66 2.14 0.12 0.001  0.16 0.24 0.04 0.022 
  S 13.3 53 2.05 2.15 0.08 0.130  0.21 0.21 0.03 0.491 
 Sordario-
mycetes 
P 24.5 201 1.14 1.24 0.04 0.004  0.11 0.16 0.01 0.001 





P 65.2 295 3.17 3.13 0.03 0.902  0.20 0.28 0.01 0.001 
  S 78.2 290 2.99 3.13 0.03 0.001  0.29 0.28 0.01 0.653 
 Microbotryo-
mycetes 
P 5.1 31 0.69 0.78 0.04 0.027  0.15 0.19 0.03 0.084 
  S 5.5 30 0.76 0.78 0.04 0.299  0.15 0.20 0.03 0.056 
 Tremello-
mycetes 
P 21.4 138 1.31 1.57 0.04 0.001  0.15 0.17 0.01 0.044 





P 4.7 31 0.66 0.55 0.05 0.989  0.15 0.16 0.03 0.419 
  S 7.8 105 0.51 0.55 0.01 0.001  0.08 0.09 0.00 0.004 
1 P = peatland, S = stream 
2 SES.MPD = standardized effect size of mean phylogenetic distance, SES.MNTD = standardized effect size of the mean shortest 




Figure 1.1. Location of sampling sites in Pennsylvania and Wisconsin. Orange dots represent 





Figure 1.2. ITS1 and LSU sequencing metrics. A,B) LSU and ITS1 rarefraction analyses by site. 
C, D) ITS1 hierarchical cluster analyses using average linkage on full dataset and reduced data 
set (rare species with read abundance < 9 removed), respectively. Blue indicates alkaline stream 




Figure 1.3. Distribution of OTUs and isolates per fungal class. Pearson correction of ITS1 and 












































Figure 1.4. Circular cladogram of fungal OTUs constructed in EvolView from post-processed 
RAxML analysis using PASTA based on partial LSU Illumina sequence data. Pie charts 
represent relative abundance of each OTU per site with stream sites blue and peatland sites 
orange. Unidentified OTUs (?) are located throughout the Dothideomycetes and Leotiomycetes 
with an unknown Leotiomycetes cluster within the peatland sites and an unknown 














Figure 1.5. Circular cladogram of the Dothideomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. Species from T-
BAS were used to construct the backbone. Pie charts represent relative abundance of each OTU 
per site with stream sites blue and peatland sites orange. Brown circles indicate cultures obtained 


















Figure 1.6. Circular cladogram of the Eurotiomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. Species from T-
BAS were used to construct the backbone. Pie charts represent relative abundance of each OTU 
per site with stream sites blue and peatland sites orange. Brown circles indicate cultures obtained 
from culture-dependent techniques. The ITS1 Eurotiomycetes class tree suggested that 
Verrucariales species are lacking, however, ITS2 results indicated the presence of one 





Figure 1.7. Circular cladogram of the Leotiomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. Species from T-
BAS were used to construct the backbone. Pie charts represent relative abundance of each OTU 
per site with stream sites blue and peatland sites orange. Brown circles indicate cultures obtained 
























Figure 1.8. Circular cladogram of the Saccharomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. Species from T-
BAS were used to construct the backbone. Pie charts represent relative abundance of each OTU 
per site with stream sites blue and peatland sites orange. Brown circles indicate cultures obtained 










Figure 1.9. Circular cladogram of the Sordariomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. Species from T-
BAS were used to construct the backbone. Pie charts represent relative abundance of each OTU 
per site with stream sites blue and peatland sites orange. Brown circles indicate cultures obtained 


















Figure 1.10. Circular cladogram of the Agaricomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. The backbone was 
generated from sequences obtained from the NCBI GenBank sequence database. Pie charts 
represent relative abundance of each OTU per site with stream sites blue and peatland sites 




















Figure 1.11. Circular cladogram of the Microbotryomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. The backbone was 
generated from sequences obtained from the NCBI GenBank sequence database. Pie charts 
represent relative abundance of each OTU per site with stream sites blue and peatland sites 








Figure 1.12. Circular cladogram of the Tremellomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. The backbone was 
generated from sequences obtained from the NCBI GenBank sequence database. Pie charts 
represent relative abundance of each OTU per site with stream sites blue and peatland sites 
















Figure 1.13. Circular cladogram of the Mortierellomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. The backbone was 
generated from sequences obtained from the NCBI GenBank sequence database. Pie charts 
represent relative abundance of each OTU per site with stream sites blue and peatland sites 








Figure 1.14. Phylogenetic beta diversity of peatland and stream fungal communities. 
Generalized UniFrac alpha 0.5 distance matrix was generated from post-processed RAxML tree 
in PASTA using LSU NGS OTUs. Multivariate analysis of variance was conducted to determine 






























Figure 1.15. Chytrids found in peatlands. A,B) eucarpic chytrids on Micrasterias truncata. C) 
eucarpic chytrid infecting an arthropod egg. D) unknown Polychytrium chytrid infecting pollen 
E,F) unidentified Podochytrium chytrid infecting a Pinnularia sp.
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 Elucidating the ecological role of individual species within an environment provides 1) 
insight into the overall potential contribution of each isolate toward the breakdown of a substrate, 
2) provides information on how fungi may interact with other fungi with the community, and 3) 
identifies high functioning isolates that can be utilized for industrial or bioremediation purposes. 
Functional roles were assigned using FUNGuild, agar-based assays, and fluorescence assays. 
Functional guild was assigned to ITS1 OTUs through FUNGuild, whereas agar-based assays 
were completed for specific enzyme activity (β-glucosidase, Mn-peroxidase, pectinase, tannase, 
and xylanase) and general substrate degradation (starch, cellulose, and humic acid) for 512 
isolates. Fluorometric assays were conducted on 274 isolates within the Dothideomycetes and 
Sordariomycetes for cellobiohydrolase, phosphatase and xylanase activity at both pH 5 and pH 8. 
All assays were replicated at least twice with replication over time. Results indicated that all 
culturable fungi demonstrated β-glucosidase activity, while some fungi tested positive for starch 
degradation, overall cellulase activity, and tannase activity. Gram's iodine staining for xylanase 
and pectinase activity was found to be unreliable. Starch degradation was common within the 
Eurotiomycetes and overall cellulase and tannase activity was common within the 
Dothideomycetes and Sordariomycetes. Fluorometric analyses indicated that environmental pH 
altered the overall environmental function of Dothideomycetes species as a group, whereas 
environmental pH did not alter the overall environmental function of Sordariomycetes species as 
a group. Lastly, peatland and stream habitat species clusters demonstrate variable enzymatic 
capabilities. Collectively, these research findings are critical because determining the ecological 
role of individual species within an environment provides insight into how fungal species may 
competitively interact with each other and provides insight into how climate change and 







 Freshwater fungi play a key role in plant debris decomposition (Bärlocher 2010; Krauss 
et al. 2011), are pivotal in transferring energy and nutrients to higher trophic levels (Gingerich et 
al. 2015) and are essential for removing toxic heavy metals and degrading xenobiotics (Krauss et 
al. 2011). Recent meta-analyses (Lepère et al. 2019; Panzer et al. 2015) included some 
suggestions as to what roles major phyla play within these ecosystems, but did not address 
species specific function. Unfortunately, although freshwater fungi as a whole are known to 
drive key environmental processes there is limited research on connecting individual species 
assemblages with their respective ecological function. 
 Understanding community composition and the ecological role of individual species 
within an environment is an essential requirement in progressing beyond bulk ecosystem 
functional analysis. While some current community-based functional analyses suggest that many 
similar species are functionally redundant (Scheffer et al. 2015), other studies indicate that 
specific species (Covich et al. 1999) are essential for stable community processes, particularly 
the carbon and nitrogen cycles. In addition, there is evidence to suggest that the magnitude of 
ecological processes is derived from species being functionally complementary to one another 
(Scheffer et al. 2015). These statements suggest bulk community functional analyses are useful 
to generalize what types of functions a community provides, but unlike individual species 
functional analyses they are not sufficient for determining functional redundancy among species 
or differences in functional magnitude between species. Functional redundancy is defined as 
species having the ability to degrade the same substrate and functional magnitude is defined as 
how well the species can degrade a substrate as determined by measuring the amount of 
enzymatic activity.   
 There are several methods for determining individual species function including 
traditional qualitative based assays, fluorometric assays, and sequence-based methods. 
Qualitative assays have been traditionally used to explore the functional capabilities of fungi 
when researchers need a positive or negative indication of enzyme production (Pointing 1999). 
Recently, fluorometric assays using 4-methylumbelliferone-linked substrates have been used to 
quantify enzymatic activity and have been utilized to examine overall community function 
(German et al. 2011; Turner 2010). Sequence-based methods include FUNGuild (Nguyen et al. 
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2016), which uses taxonomic affinity to parse sequence-based taxonomic assignments into 
functional guides. Finally, genome sequencing can identify the predicted gene complement of an 
organism (Ohm et al. 2014). No method is without its challenges. Qualitative agar substrate 
assays allow for the screening of many degradative enzymes but lack sensitivity, which is in 
contrast to fluorescence-based assays, which are more sensitive but have a restricted number of 
available substrates. Lastly, genetic screening is useful because it indicates the existence of a 
targeted gene but gene presence does not necessarily equate to function or provide information 
about the environmental context in which up-regulation occurs. 
  Therefore, this research utilized traditional qualitative based assays, fluorometric assays, 
and sequence-based methods to: 1) find high functioning individual species/isolates, 2) 
determine functional redundancy at the class and isolate level, 3) determine the functional 
magnitude of individual isolates, and 4) determine if function and functional magnitude are pH-
dependent to determine if habitat would affect species/isolate function. Using multiple 
approaches provides a greater understanding of what each species can utilize due to the 
limitations of each approach and provides a comparison between approaches. 
 
2.3 MATERIALS AND METHODS 
 
2.3.1 FUNGuild and fluorescence assays 
 Fungal cultures were obtained as outlined in Chapter 1. Functional roles were assigned to 
ITS1 OTUs using FUNGuild (Nguyen et al. 2016). Quantitative fluorescence assays were 
completed following a modified method of Hargreaves and Hofmockel (2015) and consisted of a 
growth phase followed by the enzymatic assay. For the growth phase, I prepared standardized 
growth medium as follows: autoclaved 1–5 cm long pieces of Miscanthus (0.5 g) were added to 
individual autoclaved glass test tubes followed by 30 ml of 0.0125 M universal buffer (boric 
acid, citric acid, maleic acid, tris-base, NaOH, distilled water) (Turner 2010) adjusted with 
NaOH to pH 5 or pH 8. Test tubes were capped, sterilized at 121 °C under 15 PSI for 20 
minutes, cooled overnight to 20 °C and autoclaved for a second time. Approximately one 3 mm
2
 
agar plug containing actively growing mycelium was added to each test tube and recapped. This 
was replicated three times per isolate at each of the two pH levels for a total of six replicates per 
isolate. Isolates were allowed to grow for 14 days based on the results of Shrestha et al. (2015). 
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After incubation, 1 ml aliquot of supernatant was transferred to each of two 1.5 ml centrifuge 
tubes for each isolate/pH/replicate and stored at -20°C until assayed. One 1.5 ml tube was used 
for the assay and the other 1.5 ml tube was a backup or used to verify repeatability. Phenol red 
solution (100 µL of 0.5 g L
-1
) was added to each test tube to confirm assay pH was not altered by 
the isolate. The growth phase was completed over time until a total of three replications were 
completed. Universal buffer was used in order to prevent fungi from altering environmental pH 
while allowing the chemical composition between the two buffers to be the same with the 
exception of a higher NaOH concentration in the pH 8 assay. 
 Enzymatic assays were conducted using 4-methylumbelliferyl (MUB)-linked substrates 
(MUB-β-D-cellobioside, MUB-β-D-xylopyranoside, and MUB-phosphate) at a concentration of 
40 µM. These substrates were added to Millipore water 24 hours prior to performing the assay. 
After thorough mixing, they were stored at 4 °C overnight and thoroughly mixed again at room 
temperature before use. Next, the fungal supernatant was thawed, centrifuged for 2 minutes at 
10,000 rpm to spin down debris, 850 µL of fungal supernatant was added to 6 ml Millipore 
water, vortexed and 675 µL of homogenate was added to 168 µL of MUB-substrates in a 96-
deep well plate (Figure 2.1). Plates were sealed with silicone sealing mats and placed in the dark 
at 23 °C on a shaker (100 rpm) for 1.5 hours. Control plates consisted of two 96-well black 
plates containing 6 rows of 200 µL Millipore water and 50 µl of one serial concentration of 
MUB: 9.6 µM, 4.8 µM, 2.9 µM, 1.9 µM, 1.5 µM, 1.2 µM, 0.8 µM, or 0.4 µM. Control substrate 
wells (16 wells total) consisted of 50 µL MUB-substrate and 200 µl Millipore water. The final 
reading plate wells were assayed with 250 µL of homogenate-substrate after 90 minute 
incubation. Fluorescence was measured using a SpectraMax® M2 Multi-detection reader at the 
Roy J. Carver Biotechnology Center set to the following: excitation = 355 nm, emission = 460 
nm and sensitivity = 6. Final fluorescence was obtained using R-code that can be found at 
https://github.com/ebach/R_enzyme_scripts. Spearman rank correlation was used to evaluate 
how isolates performed in different pH assays because absolute values were not comparable due 
to MUB pH-dependent fluorescence intensity (German et al. 2011). It is important to note that 
this assay only evaluated the activity of liberated enzymes, fungal enzymes present in the 





2.3.2 Traditional agar-based assays 
 Traditional agar-based assays were completed for specific enzyme activity (β-
glucosidase, Mn-peroxidase, pectinase, phosphatase, tannase and xylanase) and general substrate 
degradation (cellulose, humic acid and starch) for 523 isolates (Figure 2.2). All agar-based media 
were sterilized at 121 °C under 15 PSI for 15 minutes and all culture plates were wrapped with 
Parafilm prior to incubation in the dark at 20 °C. All agar assays were inoculated with a 3 mm
2
 
agar plug containing actively growing mycelium. Control plates consisted of both non-inoculated 
media plates/wells and malt agar plates (Difco) for comparison. All assays were replicated at 
least twice with replication over time. 
 
2.3.2.1 Cellulase activity-β-glucosidase 
 Cellulose is a major component of plant cell walls and β-glucosidase enzymes are 
important in breaking down cellulosic biomass (Klemm et al. 2005, Sørensen et al. 2013). β-
Glucosidase (β-D-glucoside glucohydrolase, EC 3.2.1.21) is an enzyme that converts cellobiose 
to glucose through hydrolysis (Singhania et al. 2013). β-Glucosidase activity was determined 
using esculin plus iron agar (Pointing 1999): 5 g L-tartaric acid diammonium salt (SA), 0.5 g 
MgSO4·7H2O, 1 g K2HPO4, 0.1 g yeast extract, 0.001 g CaCl2 (SA), 2.5 g esculin sesquihydrate 
(Alfa Aesar) and 16 g agar L
-1
 distilled water. Aqueous ferric sulphate (2%) was added to 55 °C 
medium at a ratio of 1 ml per 100 ml of media. Under sterile conditions, 2 ml of media were 
placed into all wells of a 24-well culture plate, inoculated and evaluated daily for ten days. The 
appearance of a brownish-black precipitate indicated a positive result. 
 
2.3.2.2 Cellulase activity-cellulose azure 
 Cellulose-azure is used to assess overall cellulase activity but most fungi are reported to 
produce more endoglucanase as compared to other cellulases (Pointing 1999). Endoglucanase 
(1,4-β-D-glucan glucanohydrolases, EC. 3.2.1.4) is an enzyme that breaks the internal β-1,4-
glycosidic bonds in cellulose through hydrolysis (Han et al. 1995). Basal media consisted of 5 g 
C4H12N2O6, 1 g KH2PO4, 0.5 g MgSO4·7H2O, 0.1 g yeast extract, 0.001 CaCl2·2H2O and 16 g 
agar L
-1
 distilled water. The overlay media was as above with the addition of 1% cellulose azure 
(Sigma). Approximately 5 ml of basal media was added to sterilized glass test tubes, allowed to 
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cool, and 100 ml of overlay media was added. Each test tube was inoculated and monitored daily 
for ten days. A blue dye migration to the basal layer indicated a positive test. 
 
2.3.2.3 Lignin degradation-Mn-dependent peroxidase 
 Manganese-dependent peroxidase (Mn(II): hydrogen-peroxide oxidoreductase, EC 
1.11.1.13) is involved in the oxidative degradation of lignin (Karhunen et al. 1990). Media 
consisted of supplementing 39 g Difco potato dextrose agar with 500 mg/L MnSO4 L
-1
 distilled 
water (Overton et al. 2006). Media was sterilized, added to 60 mm Petri plates, inoculated and 
examined for 10 days. The appearance of a black precipitate around the colony indicated a 
positive test. 
 
2.3.2.4 Pectin degradation-polygalacturonase 
 Polygalacturonase ((1,4)-α-D-galacturonan glycanohydrolase, EC 3.2.1.15) break the O-
glycosyl bond of (1-4)-α-D-galactosiduronic in pectate and galacturonans through hydrolysis 
(Aminzadeh et al. 2007). Media (pH 5.4) consisted of 5 g C4H12N2O6, 1 g KH2PO4, 0.5 g 
MgSO4·7H2O, 0.1 g yeast extract, 0.001 CaCl2·2H2O, 0.5 % w/v pectin citrus (Alfa Aesar) and 
16 g agar L
-1
 distilled water. Medium was sterilized, poured into 90 mm Petri plates, inoculated 
and assayed at day 7 post-inoculation. Plates were flooded with Gram's iodine (Khan et al. 2014) 
to visualize clearing zones indicting a positive test. 
 
2.3.2.5 Phosphatase activity 
 Phosphomonoesterases (EC 3.1.3) breakdown ester bonds and generate Pi through 
hydrolysis, can be intracellular and extracellular (secreted, bound to plasma membrane or cell 
wall) and can be pH dependent (Freitas-Mesquita and Meyer-Fernandes 2014). Assay medium 
consisted of 0.001 g CaCl2, 0.5 g MgSO4, 0.2 g glucose, 0.2 g sucrose, 0.5 g Na2HPO4, 0.5 g 
KH2PO4 and 15 g agar L
-1
 distilled water. The media was adjusted to pH 5 or pH 8 using HCl or 
NaOH prior to sterilization. The medium was autoclaved, cooled to 55 °C, 2 mL of 20 mg/mL 
filter sterilized solution of 5-bromo-4-chloro-3-indolyl phosphate (BCIP) were added (Gibson et 
al. 1988) and 2 mL of media were added to 24-well culture plates. Each well was inoculated with 
a 2 mm
2
 agar plug with actively growing mycelium or yeast cells and monitored daily for a 
bluing reaction indicating a positive test. 
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2.3.2.6 Xylan degradation-endoxylanase and beta-xylosidase 
 Endoxylanases (1,4-β-D-xylan xylanohydrolase; EC 3.2.1.8) beakdown the glycosidic 
bonds in the xylan backbone through hydrolysis, whereas β-xylosidase (1,4-β-D-xylan 
xylohydrolase; EC 3.2.1.37) break small xylooligosaccharides and release β-D-xylopyranosyl 
residues from the non-reducing terminus (Polizeli et al. 2005). Xylanase media consisted of 5 g 
C4H12N2O6, 1 g KH2PO4, 0.5 g MgSO4·7H2O, 0.1 g yeast extract, 0.001 CaCl2·2H2O, 0.5 % w/v 
Beachwood xylan (Sigma) and 16 g agar L
-1
 distilled water. Medium was sterilized, poured into 
90 mm Petri plates, inoculated and assayed at day 7 post-inoculation. Plates were flooded with 
Gram's iodine (Meddeb-Mouelhi et al. 2014) to visualize clearing zones indicting a positive test. 
 
2.3.2.7 Tannase activity-low and high tannic acid levels 
  Tannase (tannin acylhydrolase E.C. 3. 1. 1. 20) breaks ester and pepside bonds of 
hydrolysable tannins and gallic acid esters resulting in glucose and gallic acid (Brahmbhatt and 
Modi 2015). Tannase media consisted of 5 g C4H12N2O6, 1 g KH2PO4, 0.5 g MgSO4·7H2O, 0.1 g 
yeast extract, 0.001 CaCl2·2H2O, (Sigma) and 16 g agar L
-1
 distilled water. After sterilization, 
medium was allowed to cool to 55 °C prior to the addition of filter sterilized tannic acid. Tannase 
was assessed at a low concentration (0.2 g L
-1
) and a high concentration (0.4 g L
-1
). Medium was 
poured into 90 mm Petri plates, inoculated and assayed at day 10 post-inoculation. A dark zone 
around the colony indicated a positive test (Brahmbhatt and Modi 2015). 
 
2.3.2.8 Starch degradation 
 Starch grains are cut by α-amylase (EC 3.2.1.1) into smaller maltodextrins by 
endohydrolysis; β-amylase (EC 3.2.1.2) acts on alternate maltodextrin α-1,4 links to make 
maltose or de-branching enzymes act on α-1-,6 links to make linear maltodextrins. Both maltose 
and linear maltodextrins can be cleaved to glucose with α-glucosidase (α-D-glucoside 
glucohydrolase, EC 3.2.1.20). Starch media consisted of 1 g KH2PO4, 0.5 g MgSO4·7H2O, 0.1 g 
yeast extract, 0.001 CaCl2·2H2O, 1 % corn starch and 16 g agar L
-1
 distilled water. Media was 
sterilized, poured into 60 mm Petri plates, inoculated and assayed at day 7 post-inoculation. 
Plates were flooded with Gram's iodine (Sahoo K et al. 2014) to visualize clearing zones 




2.3.2.9 Humic acid degradation 
 The humic acid core consist of aromatic rings from lignin residues, phenols and quinones 
(Fenchel et al. 2012). Humic acid media consisted of 1 g KH2PO4, 0.5 g MgSO4·7H2O, 0.1 g 
yeast extract, 0.001 CaCl2·2H2O, 0.5 glucose and 0.250 mg humic acid L
-1
 distilled water. 
Humic acid was filter sterilized and added to 55 °C media. Media was poured into 90 mm Petri 
plates, inoculated and assayed at day 10 post-inoculation. Bleaching of the media around the 
colony indicated a positive assay. 
 
2.3.2.10 Fluorometric assay analyses 
 Dothideomycetes and Sordariomycetes fluorometric assays were analyzed with the pez 
package (Pearse et al. 2015) using R statistical software (R Core Team 2013) to determine if 
there was a phylogenetic signal (λ) (Molina-Venega and Rodríguez 2017) Functional 
phylogenetic diversity and functional phylogenetic structure were assessed using SES.MFPD 
(standard effect size mean functional phylogenetic distance) and SES.MNFTD (standardized 
effect size of the mean shortest functional distance between a species and all others distance). 
Functional results were visualized using phylomorphospace and plot BranchbyTrait functions in 
the package Phylotools (Revell 2012) using the R statistical software. Pagel's λ (Pagel 1999) was 
used instead of Blomberg et al.’s K statistic (Blomberg et al. 2003) because it was found to be 
more robust to polytomies and pseudo-branch lengths (Molina-Venegand Rodríguez 2017). 
Fluorometric assay results were compared between peatland and stream isolates using a two-
tailed Welch's t-test, and variance was compared using the F-test of equality of variances. 
Combined fluorometric and agar-assay results were analyzed with the Adonis function in R 
statistical software in order to determine if there was an overall functional difference between the 




2.4.1 Functional: ITS1 OTU FUNGuild 
 The vast majority of ITS1 OTUs could not be assigned to a trophic mode (Figure 2.3). 
About 8% of the Dothideomycetes OTUs were assigned as either pathotrophs or saprotrophs, 
while about 22% of the Eurotiomycetes were assigned as saprotrophs. About 12% of the 
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Leotiomycetes were assigned as saprotrophs, 23% of Saccharomycetes were assigned as 
pathotroph-saprotroph-symbiotroph and 6% of the Sordariomycetes were assigned as 
pathotroph-saprotrophs. The Agaricomycetes were assigned as saprotrophs (20%) and 
symbiotrophs (19%). About 4% of the Microbotryomycetes were assigned as saprotrophs and the 
Tremellomycetes were assigned as pathotrophs (8%), pathotroph-saprotroph-symbiotroph (9%) 
or saprotrophs (7%). Mortierellomycetes were assigned 100% as saprotroph-symbiotroph. 
 
2.4.2 Functional: fluorescence assays 
 Fluorometric assays were completed on Dothideomycetes and Sordariomycetes culture 
isolates (Figure 2.4, Table A.2). Spearman correlation for the Dothideomycetes indicated that 
there was a significant rank correlation between pH 5 and pH 8 results for cellobiohydrolase (n = 
274, p < 0.001, rho = 0.62), phosphatase (n = 274, p = 0.04, rho = 0.19) and xylanase (n=274, p 
< 0.001, rho = 0.58). Spearman correlation for the Sordariomycetes also indicated that there was 
a significant rank correction between pH 5 and pH 8 cellobiohydrolase (n = 274, p < 0.001, rho = 
0.70), phosphatase (n = 274, p < 0.001, rho = 0.65) and xylanase (n = 274, p < 0.001, rho = 
0.64). Dothideomycetes and Sordariomycetes genera with high enzymatic potential included 
Acremonium, Alternaria, Cladosporium, Epicoccum, Metarhizium, Trichoderma and Verticillium 
(Table 2.1, Figure 2.5). Peatland isolates had significantly higher enzymatic activity (two-tailed 
Welch's t-test, n = 274, p < 0.03 for all assays) and significantly higher variation (F-test of 
equality of variances, n = 274, p < 0.02 for all assays) for all fluorometric assays as compared to 
stream isolates. 
 Phylogenetic signal for the Sordariomycetes resulted in phosphatase activity being the 
highest (n = 170, pH 5 = λ 0.60, pH 8 = λ 0.43) followed by cellobiohydrolase at pH 8 (λ 0.35) 
and xylanase activity at pH 5 (λ 0.27). No phylogenetic signal was found for cellobiohydrolase at 
pH 5 and xylanase at pH 8. Functional phylogenetic diversity was less than phylogenetic 
diversity for both Dothideomycetes and Sordariomycetes. Phylogenetic functional analyses 
utilizing both fluorescence and traditional assays indicated that stream habitats had significant 
functional clustering for SES.MFPD (n = 104, p = 0.02) and SES.MNFD (n = 104, p = 0.031) for 
the Dothideomycetes, although the stream habitats had significant functional clustering for 




2.4.3 Functional: traditional assays 
 All isolates were positive for β-glucosidase activity and all isolates were negative for Mn-
dependent peroxidase and humic-acid assays. False positives were prevalent for both pectinase 
and xylanase assays using Grain's iodine. Dothideomycetes isolates demonstrated positive 
endoglucanase activity (70% of isolates, average 6 ± 2 days), positive starch degradation (28% of 
isolates) and positive tannase activity (71% of isolates) (Figure 2.6). Eurotiomycetes isolates 
demonstrated positive endoglucanase activity (62% of isolates, average 8 ± 2 days), positive 
starch degradation (66% of isolates) and positive tannase activity (7% of isolates) (Figure 2.8). 
Leotiomycetes isolates demonstrated positive endoglucanase activity (46% of isolates, average 6 
± 2 days), positive starch degradation (13% of isolates) and positive tannase activity (13% of 
isolates) (Figure 2.9). Saccharomycetes isolates demonstrated positive endoglucanase activity 
(10% of isolates, average 6 ± 1 day), positive starch degradation (8% of isolates) and positive 
tannase activity (13% of isolates) (Figure 2.10). Sordariomycetes isolates demonstrated positive 
endoglucanase activity (67% of isolates, average 6 ± 2 days), positive starch degradation (16% of 
isolates) and positive tannase activity (50% of isolates) (Figure 2.7). Microbotryomycetes 
isolates demonstrated positive endoglucanase activity (6% of isolates, average 10 ± 0 days), 
positive starch degradation (41% of isolates) and positive tannase activity (12% of isolates) 
(Figure 2.11). Tremellomycetes isolates demonstrated positive endoglucanase activity (9% of 
isolates, average 5 ± 0 day), positive starch degradation (38% of isolates) and positive tannase 
activity (9% of isolates) (Figure 2.12, Figure 2.13, Table A.2). Adonis analysis indicated a 
significant functional difference (p = 0.001, r
2
 = 0.26) between the isolated cultures from the two 
habitats. Lastly, several clades within the Dothideomycetes and Sordariomycetes had variable 




 Fungal driven environmental processes rely on a network of individual species breaking 
down an array of environmental carbon resources. Therefore, linking environmental function to 
individual species is essential for understanding fungal driven processes. This research has 
identified functional redundancy across most major phyla, identified important phyla and taxa 
for specific environmental functions and provided evidence that suggests that changes in 
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environmental pH effect fungal phyla differently. Consistent with previous research (Benoit et al. 
2015), this research suggests that closely related fungi may degrade similar substrates but also 
finds evidence that closely related fungi differ in how well they degrade a substrate. Benoit et al. 
(2015) found that 8 Aspergillus species had similar genomic potential to degrade plant biomass 
but each species was different in the overall activities as well as the specific enzymes used in 
degrading plant biomass. 
  Linking environmental function to individual species is important because of the nature 
in which fungi obtain their nutrients. Fungi produce extracellular enzymes that breakdown the 
targeted substrate into small subunits and then transport or absorb the products through their cell 
wall and plasma membrane (Deacon 2006). For efficiency, fungi have multiple enzyme feedback 
loops that regulate enzyme production so that they preferentially consume the least energy-
expensive resource first (Deacon 2006). Hence, breakdown of recalcitrant organic matter occurs 
once easier to breakdown resources are exhausted. Therefore, it is reasonable to conclude that 
overall environmental function assessment requires the study of both root-associated fungi 
(consumers of plant exudates) and detrital degraders (breakdown of plant polymers). 
Concomitantly, future research on root-associated fungi within these habitats needs further 
exploration. 
 
2.5.1. Functional assignments: FUNGuild 
 Unfortunately, assigning ITS1 OTUs to functional guilds using FUNGuild resulted in 
unknown functional guilds for the vast majority of OTUs (Figure 2.3). Up to 95% of 
Microbotryomycetes were unassigned, which further highlights the need for linking individual 
function to species. However, some generalizations can be derived from FUNGuild OTUs guild 
assignments. Ascomycota and Basidiomycota classes contain numerous saprotrophic 
genera/species and the functional guild of symbiotroph was most abundant in the class 
Agaricomycetes. These results are consistent with previous research. While studying two fungal 
peatland communities in China, Zhang et al. (2017) were able to assign 43% of their OTUs using 
FUNGuild resulting in the majority of their OTUs assigned as saprotrophs. The authors also had 
OTUs assigned as symbiotrophs (ectomycorrhizal (Amanita, Cortinaria, Ramaria, Laccaria, 
Russulaceae) and ericoid mycorrhizal (Sebacina)) that were also identified within this study. 
Although Basidiomycota species have been reported less frequently from aquatic habitats, 
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several recent studies suggest that Basidiomycota are more prevalent and functionally active than 
previously thought (Lepère et al. 2019; Panzer et al. 2015; Wahl et al. 2018). 
 
2.5.2. Functional assignments: fluorometric analyses 
 During the growth phase, it was visually evident that some isolates were affected by 
environmental pH as determined by differential growth between pH 5 and pH 8 assay (Figure 2.1 
A, B). There appeared to be no habitat specific response as some peatland fungi could grow at 
pH 8 but not pH 5, whereas some alkaline stream fungi could grow at pH 5 but not at pH 8. This 
response is unlikely strictly related to nutritional requirement as the anticipated outcome would 
be no growth at both pH levels. It is possible that some isolates represent pacC mutants (Dorn 
1965; Peñalva and Arst 2002) or are sensitive to solute potential (Luard and Griffin 1981). It is 
also possible that these isolates represent immigrants and were isolated in the lab under favorable 
conditions. Although the exact reason is unknown, these isolates provide an opportunity for 
future evaluation. 
  Overall, the fluorometric results suggest that the Dothideomycetes isolates were more ph-
sensitive as compared to the Sordariomycetes isolates. Although there were statistically 
significant Spearman rank correlations for all fluorometric assays, the rho value for the 
Dothideomycetes phosphatase assay was very low (rho = 0.19) as compared to the 
Sordariomycetes phosphatase value (rho = 0.65) suggesting that the significant correlation was 
likely due to the large sample size (Kaplan et al. 2014) and does not represent a meaningful 
correlation (Figure 2.4). For the Sordariomycetes phosphatase activity had the highest 
phylogenetic signal (Figure 2.5) across both pH values suggesting that this trait is more 
conserved as compared to the other assayed functional traits. 
 The exact reason for the Dothideomycetes phosphatase activity variation among the 
isolates is unknown. All isolates were randomly assayed so it is unlikely due to assay bias or 
block effect. It is possible that some Dothideomycetes families secrete phosphates enzymes into 
the environment under acidic conditions which might favor growth as a saprobe, but switch to 
membrane or cell wall bound phosphates enzymes under alkaline conditions which may favor 
growth as an endophyte or plant pathogen (Freitas-Mesquita and Meyer-Fernandes 2014). 
Alternatively, several fungi were reported to have multiple phosphatase systems of which both 
system regulation and phosphate uptake can be affected by pH (Jennings 1995). Although the 
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exact reason for this pattern is unknown, it highlights a limitation of assaying phosphatase using 
this method. As conducted, the assay can only provide information on part of the total 
phosphatase potential for each isolate because it screens for secreted (liberated) phosphatase 
enzymes and does not assay cell wall or membrane bound phosphatase enzymes. Interestingly, 
the BCIP agar-based assay is complementary to the fluorometric assay and provides additional 
insight as discussed below. 
 Dothideomycetes isolates with high cellobiohydrolase activity under both pH conditions 
consisted of the genera Alternaria, Cladosporium and Epicoccum, whereas Sordariomycetes 
isolates with similar potential consisted of Acremonium, Fusarium, Gibellulopsis, Metarhizium, 
Myrothecium, Trichoderma and Verticillium (Table 2.1). The presence of cellobiohydrolase 
enzymes within these genera has been previously reported (Andlar et al. 2018; Augustin et al. 
1981; Edwards et al. 2008; Shrestha et al. 2015). Interestingly, the Dothideomycetes genera 
Stagonospora and Paraconiothyrium (Figure 2.6) and the Sordariomycetes genus Trichoderma 
(Figure 2.7) displayed intra-specific variation in cellobiohydrolase activity supporting previous 
research with Aspergillus (Benoit et al. 2015) that some strains of the same species perform a 
similar environmental function but not functionally equivalent.  
 Isolates within the Dothideomycetes genera Alternaria, Hongkongmyces, Leptosphaeria, 
Stagonospora and Toxicocladosporium had high xylanase activity and isolates within the 
Sordariomycetes genera Acremonium, Nectria, Trichoderma and Verticillium also had elevated 
xylanase activity (Table 2.1). Many of these genera are known to produce xylanase (Collins et al. 
2005), but this is the first report for xylanase activity for Hongkongmyces. Interestingly, Hane et 
al. (2007) generated a draft genome for Stagonospora nodorum and commented on the large 
number of extracellular proteases, cellulases and xylanases, which was also seen in this study. 
 To examine how functional traits are structured within the class level phylogenies, 
Pagel's lambda was calculated as well as both SES.MFPD and SES.MNFD. The analyses 
indicated that the Sordariomycetes demonstrated a lack of phylogenetic signal (λ = 0) for 
cellobiohydrolase at pH 5 and xylanase at pH 8. This means that closely related species do not 
have a similar functional magnitude but further analyses and isolates would be needed to verify 
this assertion. As a class, functional phylogenetic distance was less than phylogenetic distance 
suggesting Sordariomycetes isolates perform a similar environmental function. Lastly, 
Sordariomycetes stream isolates demonstrated significant SES.MFPD clustering (Figure 2.5). 
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 However, during these analyses several issues became apparent. First, Pagel's lambda 
could be calculated for the Sordariomycetes isolates but could not be completed for the 
Dothideomycetes and Eurotiomycetes. After reviewing the phylogenetic trees, it was evident that 
the species delineation model inhibited the calculation of lambda. The bPTP model has been 
used to delineate cryptic species (Laska et al. 2018) and was utilized in this study as a method to 
identity species that cannot be delineated by ITS1-5.8-ITS2 sequences similarity. Consequently, 
functional phylogenetic analyses could not be completed because mean functional distance was 
calculated to zero due to many closely related isolates with zero branch lengths preventing 
further downstream analyses. In addition, it is likely that the significant clustering results for 
SES.MFPD and SES.MNFD are caused by the same issue. Consequently, the results from the 
community functional phylogenetic analyses should be considered with caution when working 
with a limited number of closely related species. More diverse isolates and additional assays that 
highlight differences among the isolates are needed to address these questions at the class level. 
 Overall, peatland isolates were more variable in enzymatic activity as compared to the 
stream isolates with most higher producers being peatland isolates. In addition, Welch's t-test and 
the Adonis analysis indicated significant functional differences between the two communities. It 
is possible that peatland isolates produce a larger quantity or have higher enzymatic rates to 
compensate for the ability of environmental tannins to bind and hinder enzymatic function 
(Triebwasser et al. 2012). It is also possible that stream fungi have a greater proportion of surface 
bound enzymes as compared to peatland fungi since surface bound enzymes would be more 
advantageous with stream habitats as compared to peatland habitats but further study would be 
required.   
 The current results suggest that fluorometric assays provide a good metric for identifying 
high functioning isolates within the community and for comparing isolates within and between 
classes, however several issues need to be addressed. The first issue is the lack of non-
functioning isolates. All isolates demonstrated some minimal function for all assays. It is 
probable that there is a low intrinsic level of fluorescence with this method and that low 
functioning isolates have no activity. Unfortunately, as discussed below, the agar-based xylanase 
assay contained too many false positives to assist in determining the intrinsic level of 
fluorescence. Second, absolute values between the two pH levels could not be compared. This 
issue has been reviewed by German et al. (2011). Typically, at the end of the assay, NaOH 
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would be added to each sample to standardize pH across all samples to equalize MUB 
fluorescence intensity. However, the amount of time between NaOH addition and plate reading 
would have to be standardized to accommodate for the fluctuation in fluorescence intensity over 
time (German et al 2011). The NaOH addition was not completed in this study because it would 
require a pre-determined concentration of NaOH to equalize pH among all assays, in addition to 
altering overall assay volumes whereby introducing additional steps to introduce potential error. 
Therefore, the pH of the several assay wells were evaluated after reading and the pH targets were 
maintained in all the evaluated wells. The pH stability (pH 5 and pH 8) was attributed to the 
presence of the universal buffer from the supernatant and supports the use of a pH buffer when 
performing this assay. Although a direct comparison of values between pH 5 and pH 8 could not 
be completed in this study, the Spearman rank correlation was found to be adequate analysis to 
address this issue.  
 Lastly, all data points required a manual review due to the sensitivity of this method. 
Several well locations across multiple plates were found to be consistently high as compared to 
the other technical replicates suggesting a potential well bias with the plate reader. These data 
points were removed prior to analysis but this issue highlights the need to thoroughly review the 
assay results. In addition, small pipetting mistakes can generate a large amount of variation so 
the incorporation of sufficient technical replicates were required to identify valid results from 
pipetting error which inevitability occur. 
 
2.5.3. Functional assignments: Agar-based assays 
 The traditional agar-based assay approach allowed for greater flexibility of substrates as 
compared to fluorometric assays and were utilized in this study to support the fluorometric assay 
results, in addition to assaying other potential substrates found within peatland and stream 
habitats. Unfortunately, many of the resulting assays were found to be ill-suited for screening 
fungal isolates including xylanase, pectinase and humic acid degradation. In contrast, cellulose 
azure, starch and tannase assays were found to be informative (Figures 2.6–2.13). β-Glucosidase 
and phosphatase were found to be almost universally-positive among the isolates. This is not 
surprising since β-glucosidase activity has been reported to be ubiquitous among cellulolytic 




 Screening phosphatase with BCIP has the advantage of determining if the phosphatase 
enzyme is bound to the plasma membrane or is produced externally (attached to the cell wall or 
liberated) because the resulting blue product is insoluble. Koide and Kabir (2000) utilized BCIP 
to visually pinpoint the locations of phosphatase actively along Glomus intraradices (current 
name Rhizophagus intraradices) hyphae and indicated that at least some phosphatase enzymes 
were surface bound for this species. As mentioned above, surface bound phosphatase enzymes 
would not have been assessed with the fluorometric assay as hyphae-free filtrate was used in the 
assay. However, the results of the BCIP agar-based assay (Figure 2.2 D) indicated a blue product 
produced throughout the media for most isolates suggesting liberated phosphatase enzymes 
supporting the results from the fluorometric assay. Very few isolates, mostly dark pigmented, did 
not show a positive reaction at both pH levels (Figure 2.2 E). It is possible that these isolates 
possess membrane bound phosphatase enzymes and their dark pigmented hyphae obscured the 
bluing reaction. Therefore, microscopic inspection should be considered for dark pigmented 
fungi. Importantly, the combination of BCIP and fluorometric phosphatase assays is 
recommended because the BCIP assay identifies the location of phosphatase enzymes, which 
may affect fluorometric assay results and subsequent interpretation.  
 Many authors have assayed fungi for xylanase by incorporating xylan into agar plates, 
inoculating the plate with an isolate, allowing them to grow for a short time and flooding the 
plates with Gram's iodine or Congo red. A resulting halo around the colony would indicate a 
positive test (Pointing 1999; Samanta et al. 2011). Unfortunately, Meddeb-Mouelhi et al. (2014) 
found many isolates, in absence of a substrate, could produce a halo using Gram's iodine stain, 
and that Congo red was ineffective for demonstrating xylanase activity. The exact causative 
agent of the halo is unknown (Meddeb-Mouelhi et al. 2014). Interestingly, in this study many 
Trichoderma species did not produce the associated halo. Therefore, a comparison between these 
isolates and halo-forming isolates could determine the causative agent but was beyond the scope 
of this study. Due to the presence of a halo in both the control and humic media, the pectinase 
assay was also suspected to show false positives and it is thus recommend to use dye-bound 
substrates for xylanase and pectinase assays. 
 One of the more informative agar-based assays was the cellulose azure assay. Recording 
how long it took from inoculation time to produce a positive dye release could be compared to 
the fluorometric cellobiohydrolase assay to see if there was a correlation between a rapid positive 
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cellulose azure result and high cellobiohydrolase activity. The cellulose azure assay requires all 
cellulose degradation enzymes for a positive test but it is generally termed a test for 
endoglucanase because most fungi produce this enzyme in much higher concentrations (Pointing 
1999). However, one could conclude a constitutive cellobiohydrolase-producing isolate would 
also produce a fast positive cellulose azure result. Consequently, no correlation was evident 
when comparing fluorometric cellobiohydrolase results with cellulose azure results suggesting 
that high producing cellobiohydrolase isolates were not merely high producing due to 
constitutive enzyme production. Similarly, the tannic assay also indicated several isolates that 
produced positive assay results only when subjected to elevated levels of tannic acid supporting a 
defensive strategy as compared to a nutritional strategy for some isolates.  
 
2.5.4. Conclusions 
 In summary, comparing ITS1 OTUs against FUNGuild has demonstrated that most 
classes of fungi contain multiple functional guilds indicating functional redundancy across 
classes. Unfortunately, due to the large amount of OTUs not assigned to a functional guild, 
additional research is needed to understand if certain classes of fungi are more influential in a 
particular environmental process than other fungal classes. Both fluorometric assays and agar-
based assays also suggest functional redundancy within classes and at the isolate level, but also 
suggest that functional redundancy may not be functionally equivalent due to pH sensitivity and 
differences in functional magnitude. Additionally, complementarity is also suggested as 
indicated by the degradation of starch by most Eurotiomycetes isolates and the degradation of 
cellulose and tannins by many Dothideomycetes and Sordariomycetes isolates. Of most 
importance, the results from this study highlight the huge knowledge gap in understanding the 
ecological roles of these fungi and their interconnectedness in driving important ecological 
processes. It is essential that we progress beyond holistic ecosystem functional analyses in order 
to provide insight into how fungal species interact with each other and their environment as this 
will ultimately provide valuable insight into how climate change and anthropogenic disturbances 
will affect these communities and fungal driven environmental processes.  
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2.6 TABLE AND FIGURES 
 
Table 2.1. Dothideomycetes and Sordariomycetes genera with high enzymatic potential. 
         
  Detrital degrading enzymes  Liberated phosphatase 
activity 












Dothideomycetes             
 Alternaria X X X X  X X 
 Boeremia            X 
 Cercospora          X   
 Cladosporium X X X    X X 
 Coniothyrium   X          
 Dendryphiella          X   
 Epicoccum X X X    X   
 Fusicladium            X 
 Hongkongmyces     X X  X X 
 Leptosphaeria     X X  X   
 Lindgomyces X   X        
 Paraconiothyrium X     X    X 
 Paraphaeosphaeria X        X   
 Phoma            X 
 Preussia   X          
 Scleroconidioma X   X        
 Stagonospora X   X X      
 Tausonia            X 
 Teichospora       X  X   
 Toxicocladosporium X   X X      
Sordariomycetes             
 Acremonium X X X X  X X 
 Coniella          X   
 Diatrypella          X   
 Discosia          X   
 Emeriellopsis            X 
 Fusarium X X   X      
 Gibellulopsis X X        X 
 Metarhizium X X   X    X 
 Myrothecium X X X        
 Nectria     X X      
 Sarcocladium       X  X X 
 Trichoderma X X X X  X X 








Figure 2.1. Quantitative fluorescence growth and assay phases. A) Growth phase at day 14 for 
one isolate showing three replicates (left pH 5, right pH 8). B) Isolate growing on Miscanthus 
left (pH 5) and no growth right (pH 8). C) Assay phase control plate layout. D) Assay phase 96-
deep well layout. E) Assay phase final reading plate layout. AP = phosphatase, CB = 



























Figure 2.2. Agar based assays. A) Light halos around xylanase, pectinase, and starch indicate a 
positive test. B) Cellulose azure assay. Positive results due to dye migration (left), and no result 
(right). C) False positives with Gram's iodine staining. D) BCIP assay. Blue color indicates 
location of enzymatic activity. E) Differential bluing reaction (BCIP assay) for peatland isolate 




Figure 2.3. Relative distribution of trophic mode per fungal class. Trophic mode was determined 






Figure 2.4. Fluorometric results. pH 8 values (grey) were ranked against pH 5 values (blue). AP 







Figure 2.5. Phylogenetic structure of Sordariomycetes fluorometric results. A) 
Phylomorphospace plot based on phosphatase activity at pH 5 and pH 8 (left) and functional 
magnitude (right). B) Phylomorphospace plot based on xylanase activity at pH 5 and pH 8 (left) 
and functional magnitude (right). C) Phylomorphospace plot based on cellobiohydrolase activity 
at pH 5 and pH 8 (left) and functional magnitude (right). Blue to red = low to high activity. 
Phylomorphospace suggests that the Sordariomycetes isolates have a greater rang in phosphatase 
activity among the isolates as demonstrated by a more open cluster as compared to 




Figure 2.6. Circular cladogram of the Dothideomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. Species from T-
BAS were used to construct the backbone. Pie charts represent culture habitat; orange = 
peatlands, blue = streams. Outer circles indicate tannase activity (outer), starch degradation 
(center) and cellulose azure assay (inner). Size of circle for cellulose azure assay indicates 
relative activity strength with with the largest circle indicating a positive test on day four with 
circle size decreasing from five to ten days. Large tannase circle indicates tannase activity at both 
high and low tannic acid concentrations, while small circle indicates tannase activity only under 




Figure 2.7. Circular cladogram of the Sordariomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. Species from T-
BAS were used to construct the backbone. Pie charts represent culture habitat; orange = 
peatlands, blue = streams. Outer circles indicate tannase activity (outer), starch degradation 
(center) and cellulose azure assay (inner). Size of circle for cellulose azure assay indicates 
relative activity strength with with the largest circle indicating a positive test on day four with 
circle size decreasing from five to ten days. Large tannase circle indicates tannase activity at both 
high and low tannic acid concentrations, while small circle indicates tannase activity only under 




Figure 2.8. Circular cladogram of the Eurotiomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. Species from T-
BAS were used to construct the backbone. Pie charts represent culture habitat; orange = 
peatlands, blue = streams. Outer circles indicate tannase activity (outer), starch degradation 
(center) and cellulose azure assay (inner). Size of circle for cellulose azure assay indicates 
relative activity strength with with the largest circle indicating a positive test on day four with 
circle size decreasing from five to ten days. Large tannase circle indicates tannase activity at both 
high and low tannic acid concentrations, while small circle indicates tannase activity only under 




Figure 2.9. Circular cladogram of the Leotiomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. Species from T-
BAS were used to construct the backbone. Pie charts represent culture habitat; orange = 
peatlands, blue = streams. Outer circles indicate tannase activity (outer), starch degradation 
(center) and cellulose azure assay (inner). Size of circle for cellulose azure assay indicates 
relative activity strength with with the largest circle indicating a positive test on day four with 
circle size decreasing from five to ten days. Large tannase circle indicates tannase activity at both 
high and low tannic acid concentrations, while small circle indicates tannase activity only under 






Figure 2.10. Circular cladogram of the Saccharomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. Species from T-
BAS were used to construct the backbone. Pie charts represent culture habitat; orange = 
peatlands, blue = streams. Outer circles indicate tannase activity (outer), starch degradation 
(center) and cellulose azure assay (inner). Size of circle for cellulose azure assay indicates 
relative activity strength with with the largest circle indicating a positive test on day four with 
circle size decreasing from five to ten days. Large tannase circle indicates tannase activity at both 
high and low tannic acid concentrations, while small circle indicates tannase activity only under 




Figure 2.11. Circular cladogram of the Microbotryomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. The backbone was 
generated from sequences obtained from the NCBI GenBank sequence database. Pie charts 
represent culture habitat; orange = peatlands, blue = streams. Outer circles indicate tannase 
activity (outer), starch degradation (center) and cellulose azure assay (inner). Size of circle for 
cellulose azure assay indicates relative activity strength with with the largest circle indicating a 
positive test on day four with circle size decreasing from five to ten days. Large tannase circle 
indicates tannase activity at both high and low tannic acid concentrations, while small circle 





Figure 2.12. Circular cladogram of the Tremellomycetes constructed in EvolView from post-
processed RAxML analysis using PASTA based on partial ITS1-5.8S-ITS2. The backbone was 
generated from sequences obtained from the NCBI GenBank sequence database. Pie charts 
represent culture habitat; orange = peatlands, blue = streams. Outer circles indicate tannase 
activity (outer), starch degradation (center) and cellulose azure assay (inner). Size of circle for 
cellulose azure assay indicates relative activity strength with with the largest circle indicating a 
positive test on day four with circle size decreasing from five to ten days. Large tannase circle 
indicates tannase activity at both high and low tannic acid concentrations, while small circle 
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CONIELLA LUSTRICOLA, A NEW SPECIES FROM SUBMERGED DETRITUS 
 
Reprinted by permission from Springer Nature Customer Service Centre GmbH: [Springer 
Nature] [Mycological Progress] [Coniella lustricola a new species from submerged detritus, 
Raudabaugh DB, Iturriaga T, Carver A, Mondo S, Pangilinan J, Lipzen A, He G, Amirebrahimi 




 Draft genome, morphological description, and phylogenetic placement of Coniella 
lustricola sp. nov. (Schizoparmeaceae) is provided. The species was isolated from submerged 
detritus in a fen at Black Moshannon State Park, Pennsylvania, USA and differs from all other 
Coniella species by having ellipsoid to fusoid, inequilateral conidia that are rounded on one end 
and truncate or obtuse on the other end with a length/width ratio of 2.8. The draft genome is 
36.56 Mbp and consists of 870 contigs on 634 scaffolds (L50 = 0.14 Mb, N50 = 76 scaffolds) 
with 0.5% of the scaffold length in gaps. It contains 11,317 predicted gene models including 
predicted genes for cellulose, hemicellulose, and xylan degradation as well as predicted regions 
encoding for amylase, laccase, and tannase enzymes. Many members of the Schizoparmeaceae 
are plant pathogens of agricultural crops. This draft genome represents the first sequenced 





 The family Schizoparmeaceae (Diaporthales) was erected by Rossman et al. (2007) and is 
known to contain several agriculturally important pathogenic species. Historically, this family 
included three genera, two producing only asexual morphs (Coniella, Pilidiella) and one 
producing sexual morphs (Schizoparme) (Rossman et al. 2007). This family has recently been 
reevaluated by Alvarez et al. (2016), who provided an in-depth historical analysis for each genus 
and revised the classification through a four-gene (ITS, LSU nrDNA, rpb2, tef1) phylogenetic 
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analysis combined with morphological observations. They concluded that Coniella and Pilidiella 
were taxonomic synonyms with the oldest anamorphic name, Coniella, having precedence over 
the name of the other asexual morph, Pilidiella (Alvarez et al. 2016). 
 The genus Coniella was erected by Höhnel (1918), typified by C. pulchella, and 
separated by Petrak and Sydow (1927) into Euconiella (dark conidia) and Pseudoconiella (pale 
conidia) (Alvarez et al. 2016). Petrak and Sydow (1927) erected the genus Pilidiella for species 
with hyaline to pale brown conidia. Historically, Van der Aa (in von Arx 1973) and Von Arx 
(1981) treated the two genera as distinct, Sutton (1980) and Nag Raj (1993) treated Pilidiella as a 
synonym of Coniella, and Castlebury et al. (2002) and Van Niekerk et al. (2004) suggested the 
two genera are separated based on internal transcribed spacer (ITS) region and partial 28S 
nuclear ribosomal large subunit (LSU) sequence analyses. Coniella was distinguished from 
Pilidiella by the former having brown conidia with a length to width ratio equal to or less than 
1.5, while the latter having hyaline to pale brown conidia with length to width ratio greater than 
1.5 (van Niekerk et al. 2004). Alvarez et al. (2016) determined that conidial color was not a good 
morphological characteristic based on molecular and morphological data resulting in synonymy 
of Pilidiella, Schizoparme, and Coniella, with Coniella taking preference.  
 Many Coniella species are plant pathogens of economically valuable agricultural crops. 
Coniella granati (Sacc.) Petr. & Syd. infects Punica granatum L. (pomegranate) causing crown 
rot, fruit rot, and shoot blight in many countries including China, Greece, Iran, Italy, Spain, 
Turkey, and in the state of California in the United States (Chen et al. 2014; Michailides et al. 
2010; Mirabolfathy et al. 2012; Pollastro et al. 2016; Tziros and Tzavella-Klonari 2007). 
Coniella diplodiella (Speg.) Petr. & Syd. causes white rot of Vitis vinifera L. (wine grape) with 
up to 20–80% crop loss (Nag Raj 1981). This species is cosmopolitan with optimal in vitro 
growth temperatures ranging from 23–27 °C (Šrobárová and Kakalíková 2007). In addition, 
Coniella species are known pathogens of Fragaria L. (strawberry), with C. castaneicola (Ellis & 
Everh.) B. Sutton causing fruit rot and C. fragariae (Oudem.) B. Sutton causing leaf diseases. 
 With the advent of whole genome sequencing it is now possible to compare the genetic 
profile of similar species to determine genes that are important to different life strategies (Zhoa 
et al. 2013). The goals of this paper are to: 1) introduce the draft genome for a new species of 
Coniella, 2) provide a brief review of the putative detritus degrading enzymes that can be 
predicted within the draft genome, and 3) describe and illustrate the new species of Coniella and 
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elucidate its phylogenetic placement within the family Schizoparmeaceae. The genome of this 
fen-inhabiting species was sequenced to provide future insight into its enzymatic potential, 
ecological role, and value as a comparison to other Coniella species infecting economically 
valuable agricultural crops. 
 
3.3 METHODS AND MATERIALS 
 
3.3.1 Collection site 
 Four isolates with identical ITS rDNA regions were obtained from two separate 
collecting trips to Black Moshannon State Park in Pennsylvania (collection permit 2014-27). One 
isolate was obtained from a submerged detrital sample collected on August 11, 2014, while the 
other three isolates were obtained from three separate submerged detrital samples collected on 
November 24, 2014. 
 
3.3.2 Collecting and isolation methods 
 Submerged detritus was collected from areas containing Sphagnum spp. and Sarracenia 
purpurea L., Drosera ratundifolia L., or D. intermedia Hayne. Samples were obtained below the 
Sphagnum layer, approximately 15–20 cm below the water line. Detrital samples were 
immediately stored in sterile plastic bags on ice and processed within one week. Fungi were 
isolated by spreading 400 µl of a 1/100 serial dilution onto the surface of 90 mm tea agar plates 
(Mehrotra et al. 1982) supplemented with 0.2 g/L chloramphenicol (Fisher Scientific). Plate were 
wrapped with Parafilm (Fisher Scientific) and incubated at both 10 °C and 25 °C for two weeks. 
Individual colonies were transferred to separate potato dextrose agar (PDA) and malt extract agar 
(MEA) plates, incubated at 21 °C under 24 h darkness. Isolates were stored at 7 °C after visible 
colony growth occurred. Biomass for DNA extraction was obtained by growing isolate ILLS 
80714 under shaken culture using a New Brunswick Scientific C24 incubator shaker set to 90 
rpm. The isolate was grown in 50 ml filtered (two layers of Watman #1) potato dextrose broth at 





3.3.3 Preservation methods 
 Dried culture specimens were deposited in the Illinois Natural History Survey fungarium. 
Living cultures were submitted to the Canadian Collection of Fungal Cultures. 
 
3.3.4 Whole genome DNA extraction 
 DNA extraction of ILLS 80714 was completed by modifying the protocol of Healey et al. 
(2014). The modifications consisted of extending the chloroform:isoamyl alcohol protein 
extraction time from 5 min. to 15 min., reducing DNA precipitation time from 1 h to 15 min., 
increasing the centrifuge force from 5000 g to 14000 g and time from 10 min. to 15 min. to 
pelletize the precipitated DNA, and adding two additional DNA wash cycles: 70% ethanol DNA 
wash followed by a final 95% ethanol DNA wash. All DNA extraction samples were stored at 4 
°C until the quality checks were completed to prevent long strand DNA breakage by repeated 
thaw and unthaw cycles. The DNA samples were pooled and stored at -20 °C after completion of 
the quality checks. 
 
3.3.5 Genome sequencing methods 
 Using a Covaris LE220, 100 ng of DNA was sheared and 300 bp fragments were selected 
using SPRI beads (Beckman Coulter). The fragments were treated with end-repair, A-tailing, and 
ligation of Illumina compatible adapters (IDT, Inc) using the KAPA-Illumina library creation kit 
(KAPA biosystems). The prepared library was then quantified by qPCR using the Kapa SYBR 
Fast Illumina Library Quantification Kit (Kapa Biosystems) and run on a Roche LightCycler 480 
real-time PCR instrument. The quantified library was then prepared for sequencing on the 
Illumina HiSeq sequencing platform utilizing a TruSeq paired-end cluster kit, v4, and Illumina’s 
cBot instrument to generate a clustered flowcell for sequencing. Sequencing of the flowcell was 
performed on the Illumina HiSeq2500 sequencer using HiSeq TruSeq SBS sequencing kits, v4, 
following a 2x150 indexed run recipe. 
 
3.3.6 Genome assembly methods 
 Genome sequencing was performed by the Joint Genome Institute as part of the 1000 
Fungal Genome Project (http://1000.fungalgenomes.org/). The Coniella genome was sequenced 
using Illumina (AXNNN HiSeq-1TB Regular (DNA) 2x151 bp .3kb). Each fastq file was QC 
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filtered for artifact/process contamination and subsequently assembled together with Velvet 
(Zerbino and Birney 2008). The resulting assembly was used to simulate a long mate-pair library 
with insert 3000 +/- 300 bp which was then assembled together with the original Illumina library 
with AllPathsLG release version R49403 (Gnerre et al. 2010). Mitochondria genome was 
assembled separately with AllPathsLG version R46652. 
 
3.3.7 RNA extraction methods 
 Mycelium for RNA extraction was obtained by growing ILLS 80714 on multiple Petri 
plates of iron/lysine agar (Difco), water agar (1.5% agar) supplemented with autoclaved hemp 
seed, and Potato Dextrose Agar (PDA) supplemented with 500 mg of 97% L-cysteine (Aldrich) 
at RT under 24 h darkness for 14 days. Fungal biomass was collected by scraping mycelium 
from the agar surface, flash frozen with liquid nitrogen, and ground in an autoclaved mortar with 
pestles (soaked in bleach solution for 1 h and wrapped in aluminum foil prior to autoclaving). 
During the grinding process additional liquid nitrogen was added to keep the biomass frozen 
during the partitioning process. After weighing (~50 mg was transferred into 1.5 ml centrifuge 
tubes), tubes were immediately placed on ice to keep the fungal biomass frozen, and stored at -80 
°C until RNA extraction. RNA isolation was performed according to the RNeasy Plus Mini 
Handbook, Appendix E. The filtrate was then transferred to a clean 2 ml centrifuge tube for 
DNase digestion according to RNeasy MinElute Cleanup Handbook Appendix C. Small RNA (< 
200 nucleotides) was obtained and cleaned according to the RNeasy MinElute Cleanup kit 
manual. The large RNA (> 200 nucleotides) was isolated according to the RNeasy Plus Mini kit 
and the resulting elution was cleaned following the RNeasy MinElute Cleanup kit "cleanup and 
concentration" protocol. The final elution volume was adjusted to 20 µl. All RNA samples with 
good quantity were pooled and stored at -20 °C. 
 
3.3.8 Transcriptome sequencing methods 
 Transcriptome was sequenced using Stranded cDNA libraries that were generated using 
the Illumina Truseq Stranded RNA LT kit. mRNA was purified from 1 µg of total RNA using 
magnetic beads containing poly-T oligos. mRNA was fragmented and reversed transcribed using 
random hexamers and SSII (Invitrogen) followed by second strand synthesis. The fragmented 
cDNA was treated with end-pair, A-tailing, adapter ligation, and 8 cycles of PCR. The prepared 
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library was then quantified by qPCR using the Kapa SYBR Fast Illumina Library Quantification 
Kit (Kapa Biosystems) and run on a Roche LightCycler 480 real-time PCR instrument. The 
quantified library was then prepared for sequencing on the Illumina HiSeq sequencing platform 
utilizing a TruSeq paired-end cluster kit, v4, and Illumina’s cBot instrument to generate a 
clustered flowcell for sequencing. Sequencing of the flowcell was performed on the Illumina 
HiSeq2500 sequencer using HiSeq TruSeq SBS sequencing kits, v4, following a 2x150 indexed 
run recipe. 
 
3.3.9 Transcriptome assembly methods 
 Raw fastq file reads were filtered and trimmed using the JGI QC pipeline. Briefly, using 
BBDuk (https://sourceforge.net/projects/bbmap/), raw reads were evaluated for artifact sequence 
by kmer matching (kmer = 25), allowing one mismatch and detected artifact was trimmed from 
the 3' end of the reads. RNA spike-in reads, PhiX reads and reads containing any Ns were 
removed. Quality trimming was performed using the phred trimming method set at Q6. Finally, 
following trimming, reads under the length threshold were removed (minimum 50 bp). Filtered 
fastq files were used as input for de novo assembly of RNA contigs. Reads were assembled into 
consensus sequences using Trinity ver. 2.1.1 (Grabherr et al. 2011). Trinity was run with default 
parameters except inclusion of --normalize_reads (an in-silico normalization routine) and --
jaccard_clip (to minimize fusion of transcripts derived from gene dense genomes) options.  
 
3.3.10 Genome annotation and identification of genes involved in plant detritus degradation and 
stress tolerance 
 The Coniella genome was annotated using the JGI annotation pipeline (Grigoriev et al. 
2014). The genome was then searched for predicted proteins involved in plant detritus 
degradation using MycoCosm (Grigoriev et al. 2014) by searching for specific Enzyme 
Commission (EC) numbers. Resulting protein sequences were compared against the non-
redundant protein sequences database in NCBI using the protein to protein Basic Local 
Alignment Search Tool (BLASTp) (Altschul et al. 1990). A protein match with > 80% query 
coverage and > 60% ID were the criteria used to determine homology. The comparative analysis 
of Coniella genome expansions and contractions was performed by using MycoCosm (Grigoriev 
et al. 2014) to search gene family clustering runs across all available Sordariomycetes genomes. 
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3.3.11 Phylogenetic analyses 
 Phylogenetic placement of the new species within the current concept of Coniella was 
based on an analysis of sequences from four nuclear DNA regions as outlined in Alvarez et al. 
(2016) and Marin-Felix et al. (2017). The regions that were compared were: 1) entire ITS region, 
2) partial LSU, 3) the second largest subunit of the RNA polymerase II gene (rpb2), and 4) 
partial translation elongation factor 1-alpha (tef1). Sequences for these gene regions were 
obtained from GenBank for previously published Coniella species, while gene sequences for the 
holotype and three paratypes of the new species were Sanger sequenced according to Promputtha 
and Miller (2010) (Table 3.1). Individual gene alignments were conducted in SeaView v.4.5.3 
(Galtier et al. 1996) using Muscle v. 3.7 (Edgar 2004). Ambiguous regions were removed from 
each gene alignment using Gblocks v. 0.91b (Castresana 2000) allowing for less strict flanking 
regions, gap positions within the final blocks, and smaller final blocks. Maximum likelihood 
(ML) analyses were conducted on each gene region using PhyML (Guindon and Gascuel 2003) 
under the GTR substitution model with four rate classes and optimized invariable sites based on 
the results from jModelTest 2.0 on XSEDE (2.1.6) (Posada 2008). The best nearest neighbor 
interchange and subtree pruning and regrafting tree improvement was implemented on the 
unrooted BioNJ starting tree and branch support was determined with 1000 nonparametric 
bootstrap replicates (Hustad et al. 2014).  
 The resulting individual PhyML trees for each gene were examined for potential conflicts 
indicated by incongruent clades with ≥70% bootstrap support (Wiens et al. 2008). No significant 
conflicts were observed so a final concatenated data set (3020 bp) of all gene regions was 
generated for Bayesian and ML analyses. Bayesian analysis was conducted using MrBayes 3.2.2 
on XSEDE (3.2.6) and ML analysis was conducted with RAxML-HPC2 on XSEDE (8.2.9) 
through the CIPRES Science Gateway (Miller et al. 2010). Maximum likelihood analysis was 
conducted using the GTRGAMMA model for 1000 bootstrap replicates. Bayesian analysis was 
conducted using GTR+I+G model with four rate classes and four independent chains and ran for 
15 million generations with 0.25% burnin. Nodes with ≥70% bootstrap support and ≥95% 





3.3.12 Morphological analyses 
 Light microscopic evaluation was conducted using an Olympus BX51 microscope with 
differential interference contrast (DIC) and equipped with an Olympus QColor 3 digital camera. 
Images were processed with Adobe Photoshop 7.0 (Adobe Systems Inc, Mountain View 
California), and measurements were conducted using NIH Image 1.63. Observations and 
measurements of structures were made from freezing microtome sections or squash mounts of 
conidiomata mounted in distilled water. Conidial volume, measured as average conidial 
length:width (l:w) ratio is provided, as this character has been proven to be useful in 
distinguishing among Coniella taxa (Nag Raj 1993). A minimum of 20 measurements of each 
character were made with the exception of the round basal cell (n = 10). India ink was used to 
detect the presence of mucilage. Morphological features were compared against previously 
described Coniella and Pilidiella species (Marin-Felix et al. (2017).  
 
3.3.13 Data access 
 Genome assembly and annotation are available via JGI Fungal Genomics Portal 
MycoCosm (http://jgi.doe.gov/fungi; Grigoriev et al. 2014) and the whole genome shotgun 
project has been deposited at DDBJ/ENA/GenBank under the accession NSBW00000000. The 
version described in this paper is version NSBW01000000. The concatenated alignment file with 
ambiguous regions removed via Gblocks that was used in the phylogenetic analyses is available 




3.4.1 Draft genome 
 The assembled genome size was 36.56 Mbp with a sequencing read coverage depth of 
139x. There was 870 contigs comprising 634 scaffolds of which 583 scaffolds were ≥ 2Kbp. The 
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 largest scaffold captured approximately half of the assembled sequence (L50 = 0.14 Mbp). 
The 236 gaps represented 0.5% of the scaffold length. There were 11,317 gene models predicted 
with an average gene length of 1718 bp, the average transcript was 1538 bp, average exon was 
599 bp, and the average intron was 117 bp. Sugar transporters and cytochrome p450 represent 
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the largest gene families encoded in this genome. In addition, short chain dehydrogenase, 
carboxyl esterase, RAS, and amino acid permease families were prevalent. 
 
3.4.2 Predicted genes related to detritus degradation and stress tolerance 
 The Coniella genome contains predicted genes for enzymes involved in the breakdown of 
cellulose, hemicellulose, pectin, and lignin (Table 3.2), all useful for the degradation of plant 
detritus. Predicted cellulases include β-glucosidases (EC 3.2.1.21), endoglucanases (3.2.1.4), and 
1,4-β-cellobiosidase (3.2.1.91). In the Coniella genome, we found several enzymes involved in 
the breakdown of hemicellulose including 1,4-β-xylosidase (3.2.1.37), alpha-N-
arabinofuranosidase (3.2.1.55), and 1,4-α-galacturonidase (3.2.1.67). In addition, several 
pectinesterases (3.1.1.11) and polygalacturonases (3.2.1.15) for the breakdown of pectin were 
found. No protein models predicted proteins encoded for heme peroxidase (1.11.1.14), 
manganese-dependent peroxidase (1.11.1.13) or versatile peroxidases (1.11.1.16) that are known 
to be involved in lignin degradation. We found phenoloxidases (1.10.3.2) that are involved in 
lignin degradation as well as tannases (3.1.1.20), which are involved in the degradation of 
tannins. Related to stress tolerance, Coniella lacked a predicted gene for a low temperature 
viability protein involved in ribosome biogenesis 40S subunit production, possessed a predicted 
gene for cysteine-rich TM module stress response (CYSTM), had a loss of predicted genes in a 




 Coniella lustricola Raudabaugh, Iturr., & A.N. Mill., sp. nov.    
 Fig. 3.1 
 MycoBank MB 819905 
Etymology: Named after the type of habitat, a fen, in which the species was collected.  
Diagnosis: Coniella lustricola differs from all other species in the genus by its fen habitat and 
having ellipsoid to fusoid conidia that are rounded on one end and truncate or obtuse on the other 




Description: Conidiomata superficial to semi-immersed on malt extract, oatmeal, and potato 
dextrose agar, solitary to gregarious, one to several ostioles per single conidiomata. Conidiomata 
pycnidial, unilocular, ostiolate, hyaline when young, obovate, 100-150 µm diam, gradually 
maturing to light brown and finally dark brown (~500 µm diam); ostiole central to slightly 
eccentric, circular or oval, often situated in a conical or rostrate neck; trichomes hyaline and 
enclosing the ostiole when young, later dark-brown, formed near the ostiole, absent upon 
conidiomata maturation. Conidiomal wall 36–40 µm thick; in median section composed of two 
layers of roundish to polygonal to irregular cells of textura angularis (9.5)12.0–24.0 x 13.0– 21.5 
µm; external layer 2–3 cells wide, pale-brown becoming dark-brown upon maturity; internal 
layer composed of two rows of hyaline to pale brown thin-walled cells; cells of inner wall giving 
rise to rounded, irregularly shaped cells, 4–7.5 x 3–6 µm diam that give rise to a dense layer of 
conidiogenous cells. Conidiogenous cells discrete, subulate, hyaline, smooth-walled, with a flat 
base, tapering gradually towards the apex, or with visible periclinal thickenings, 10–17.5 x 2.0–
4.0 µm, with a single terminal conidiogenous locus. Conidia unicellular, thin-walled, hyaline 
when young, walls turning brown at maturity, ellipsoid to fusoid, distal end rounded, proximal 
end truncate or obtuse, inequilaterally sided (7)8–11(11.5) x 3–4 µm, length/width ratio (l:w) 
2.8, usually with two central guttules when mature versus several small guttules when young. 
   
Holotype: United States, Pennsylvania, Centre County, near Philipsburg, Black Moshannon State 
Park, 40° 54.034'N, 78° 3.622'W, dried culture, isolated from submerged detritus, 11-Aug-2014, 
D.B. Raudabaugh and M. Woodley, (ILLS 80714; ex type strain DAOMC 251731). Paratypes, 
same location, 24-Nov-2014, 40° 54.046'N, 78° 3.527'W (ILLS 80715; ex type strain DAOMC 
251732); 40° 54.020'N, 78° 3.634'W (ILLS 80716; ex type strain DAOMC 251733); 40° 
54.009'N, 78° 3.643'W (ILLS 80717; ex type strain DAOMC 251734). 
 
3.4.4 Phylogenetic and morphological placement 
 The ITS and LSU of ILLS 80714, ILLS 80715, ILLS 80716 and ILLS 80717 were 
identical. Phylogenetic analyses employing ML and Bayesian criteria of individual genes and the 
concatenated dataset suggested that C. lustricola and C. erumpens are sister taxa (Fig. 3.2). 
Coniella lustricola was distinguished from Coniella species lacking molecular information based 
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on one or more of the following characters: conidial morphology and measurements, fungal host 




 This is the first report of a Coniella species isolated from submerged detritus within a fen 
habitat, constituting a completely different habitat for Coniella species, which commonly occur 
as plant pathogens, saprophytes, or as saprobes in soil. All species presently treated under the 
genus Coniella (Alvarez et al. 2016; Marin-Felix et al. 2017) were carefully compared 
morphologically and phylogenetically to C. lustricola. Coniella lustricola can be distinguished 
from its sister taxon, C. erumpens (Fig. 3.2), which is known only from rotten wood in Chile 
(Alvarez et al. 2016), by having a conidial l:w ratio of 2.8, as compared to 2.2 in C. erumpens. In 
addition, we distinguished C. lustricola from all remaining Coniella species (Table 3.3) 
providing further evidence that this species is distinct. 
 Coniella lustricola is the first Coniella species to have its genome sequenced. The 
Coniella genome is currently the smallest (36.56 Mbp) of the 5 additional Diaporthales genomes 
found in MycoCosm that range from 37.42–58.52 Mbp. At the class level, the Coniella genome 
size is close to the average Sordariomycetes genome size (42.46 Mbp, n = 108). Coniella 
lustricola appears to conform with most Ascomycota species in their ability to degrade cellulose 
and hemicellulose but limited ability to degrade lignin (Dashtban et al. 2010). Our data 
corroborate this hypothesis on the basis of predicted gene models (Table 2). Because gene 
presence does not equate to gene function and fungi have a wide diversity and number of 
enzymes and vary in their ability to degrade plant cell walls (Zhao et al. 2013), further in vitro 
enzymatic assays, transcriptome experiments, and genomic comparisons are needed to determine 
the extent to which C. lustricola and its relatives can degrade plant detritus.  
 Interestingly, the Coniella genome has several unique features related to detritus 
degradation and stress tolerance. It possesses six pectate lyases that so far represent the fewest 
number found in Diaporthales genomes, followed by the eight pectate lyases in Cryphonectria 
parasitica, the causative agent of chestnut blight (Bramble, 1936). Coniella lustricola possesses 
13 tannases that represent the most numerous relative to other Diaporthales sequenced genomes. 
The next highest number of tannases in Diaporthales is 10, also found in C. parasitica. Lastly, 
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the Coniella genome has three genes in peptidase family S64. This family is so far absent in 
other Diaporthales, and is known in Saccharomyces cerevisiae to process the membrane-bound 
transcription factor Stp1, inducing permease genes necessary for the uptake of amino acids 
(Abdel-Sater et al. 2004). Coniella lacked a predicted gene for a low temperature viability 
protein that is present in all other available Sordariomycetes genomes, and that is involved in 
ribosome biogenesis 40S subunit production (Loar et al. 2004). However, it possesses a predicted 
gene for cysteine-rich TM module stress response (CYSTM) that is known for stress tolerance 
across eukaryotes (Venancio and Aravind 2010), but that is lacking in all other Sordariomycetes. 
Coniella lustricola also has a loss of predicted genes in a stress-responsive A/B barrel domain 
gene family that is so far present in other Diaporthales species. The stress-responsive A/B barrel 
domain family has an unknown function, but it is upregulated in Populus balsamifera during salt 
stress (Gu et al. 2004). Coniella possesses several predicted genes for aryl sulfotransferase. Aryl 
sulfotransferase enzymes have the potential to degrade toxic phenolic compounds that are a 
byproduct of biomass decomposition and phytoplankton extracellular metabolic products 
(Filipowicz et al. 2017; Osadchyy et al. 2016). Interestingly, some of these unique genetic 
differences (high tannase copy number, presence of peptidase family S64, and presence of aryl 
sulfotransferase genes) may indicate an adaptation to a high tannic acid, low nitrogen 
environment, and phenolic-rich detritus (Mettrop et al. 2014) typically found in fens.   
 According to the presented data, we propose C. lustricola as a new species in the genus 
Coniella based on molecular and morphological evidence. In addition, there is genomic evidence 
that this species can degrade hemicellulose, cellulose, pectin, and tannins. Lignin degradation is 
likely limited in most species in this genus. We concede that gene presence does preclude gene 
function, therefore in vitro assays are needed to confirm predicted gene function. Presented 
genome data will contribute in understanding the enzymatic potential and ecological role of this 






3.6 TABLE AND FIGURES 
Reprinted by permission from Springer Nature Customer Service Centre GmbH: [Springer 
Nature] [Mycological Progress] [Coniella lustricola a new species from submerged detritus, 
Raudabaugh DB, Iturriaga T, Carver A, Mondo S, Pangilinan J, Lipzen A, He G, Amirebrahimi 
M, Grigoriev IV, Miller AN, 2018] 
 
Table 3.1. Sequences used in the phylogenetic analysis of Coniella species proposed by Avarez 





GenBank accession #  
ITS LSU rpb2 tef1 
References 






AY339344 AY339293 KX833421 KX833600 Van Niekerk et al. 
(2004), Alvarez et 
al. (2016) 








AY339323 KX833335 KX833423 KX833603 Van Niekerk et al. 















AY339332 AY339287 KX833440 KX833624 Van Niekerk et al. 




























AY339338 AY339290 KX833452 KX833637 Van Niekerk et al. 











AY339317 AY339282 KX833472 KX833663 Van Niekerk et al. 
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MF631778 MF631799 MF651900 MF651899 Present study 
 DAOMC 
251732 
MF631779 MF631800 - - Present study 
 DAOMC 
251733 
MF631780 MF631801 - - Present study 
 DAOMC 
251734 
































AY339319 KX833408 KX833496 KX833691 Van Niekerk et al. 









GenBank accession #  







AY339313 KX833409 KX833497 KX833692 Van Niekerk et al. 















KJ710463 KJ710441 KX833499 KX833695 Crous et al. 






























AY339348 AY339296 KX833506 KX833704 Van Niekerk et al. 








JQ281774 KX833418 KX833507 JQ281778 Miranda et al. 








JX069873 JX069857 KX833509 KX833705 Crous et al. 
(2012), Alvarez et 
al. (2016) 
Melanconiella   
   hyperopta 
CBS 
131696 
JQ926281 JQ926281 KX833510 KX833706 Miranda et al. 
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Table 3.2. Predicted enzymes within the Coniella lustricola genome involved in plant detritus 
degradation. 


























Accession # GenBank description % query 
%  
ID 
EC 31120 116432 CE116431_2445  KKY29585 aputative tannase subunit 100 61 
EC 11032 47815 CE47814_2585  KUI73984 blaccase-2 99 68 
EC 11117 15978 CE15977_125436  OCW42076 ccatalase/peroxidase HPI 99 79 







EC 31111 252360 CE252359_611  KUI60218 dputative pectinesterase A 97 67 
EC 3211 156161 CE156160_920  KUI56593 dα-amylase A type-3 99 73 
EC 32115 283041 CE283040_849  AAC24953 eendopolygalacturonase 4 99 79 










hydrolase family 3 
99 72 
EC 3213 451729 fgenesh1_pg34_#_43  KUI55350 dglucoamylase 98 77 
EC 32131 484862 gm16835_g  KUI67627 cβ-galactosidase 95 76 

























EC 32167 78695 CE78694_6744  KFX46954 fpolygalacturonase 87 65 
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Table 3.3. Diagnostic features among Coniella and its synonym Pilidiella species lacking 
molecular data. 
l = length, w = width 
 
Isolate Conidia morphology Host Geography Source 
Coniella 
    
angustispora  Psidium guajava Hawaii Samuels et al. (1993) 
australiensis l:w = 1.4   Alvarez et al. (2016); 
Van Niekerk et al. 
(2004) 
calamicola  Deamonorops 
margaritae 
Hong Kong Alvarez et al. (2016) 
castaneicola l = 15–29 µm, w = 2.5–3.5 µm   Sutton (1980) 
citri l = 8–19 µm, w = 3–4.5 µm Citrus medica India Nag Raj (1993); 
Sharma and Agarwal 
(1974) 
 
clypeata  decaying leaf Japan Alvarez et al. (2016) 
 
costae l = 19–28 µm; w = 7–7.5 µm   Dianese et al. (1993) 
 
delicata l = 7–9 µm, w = 2.5–3 µm Aeridis 
crassifoliis 
Thailand Sutton (1980) 
 
destruens l = 12–13 µm, w = 4–5 µm, 
acutely rounded apices 
 
Eucalytus grandis Hawaii van Nielerk et al. 
(2004) 
eucalypticola l = 19–29 µm, w = 2.5–3.5 µm Eucalytus sp India Nag Raj (1976) 
 
genistae  Genista tinctoria Germany 
 
Alvarez et al. (2016) 
minima globose to subglobose conidia l = 






Alvarez et al. (2016); 
Sutton (1980) 
musaiaensis l = 15.5–22 µm, w = 4.5–5 µm Piliostigma 
thonningii, 
Acacia arabica, 








Table 3.3. (cont.) 
l = length, w = width 
 
  
Isolate Conidia morphology Host Geography Source 
oryzae ellipsoidal conidia Oryzae sativae Pakistan Ahmad (1968) 
 
petrakii l = 10–15.5 µm, w = 4.5–7 µm Vitis viniferae India Sutton (1980) 
petrakioidea l:w = 1.9   van Niekerk et al. 
(2004) 
populina  Populus tremula Russia Alvarez et al. 
(2016) 
simba strongly fusiform navicular Caesalpinia 
pulcherrima 
India Sutton (1969) 
stromatica l = 12.4–19.7 µm, w = 8–10 µm, 
longitudinal germ slit 
 
tree bark Brazil Alvarez et al. 
(2016) 
terminaliae globose to subglobose, 
l: w = 2.0 
  Miranda et al. 
(2012) 
terminaliicola  Terminalia 
superba  
Ecuador Alvarez et al. 
(2016) 
Pilidiella    
Alvarez et al. 
(2016) 
duvauicola  Duvaue longifolia Argentina 
Alvarez et al. 
(2016) 
haraeana l = 15–17.5 µm   Sydow and 
Sydow (1913) 





tamaricina  Tamarix 
articulaata 
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Figure 3.1. Morphology of Coniella lustricola. a) mature conidiomata on agar supplemented 
with Miscanthus, b) mature conidiomata, c) mature conidiomata with multiple ostioles, d) cross-
section of a mature conidiomata, e) conidia, f) irregular basal cell and conidiogenous cells, f) 
conidiogenous cells with immature conidia. Scale bars: a = 2 cm; b = 400 μm; c = 300 μm; d = 
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Figure 3.2. Phylogram of the RAxML maximum likelihood analysis of Coniella species based 
on combined ITS, LSU, rpb2, and tef1 nrDNA sequences. Bootstrap values ≥ 70 % are shown 
above or below branches Thickened branches indicate Bayesian posterior probabilities ≥ 95 %. 
Coniella lustricola in shown in bold. The type species of Coniella, C. fragariae, is indicated by 




3.7 LITERATURE CITED 
 
Abdel-Sater F, El Bakkoury M, Urrestarazu A, Vissers S, Andre B (2004) Amino acid signaling 
in yeast: casein kinase I and the Ssy5 endoprotease are key determinants of 
endoproteolytic activation of the membrane-bound Stp 1 transcription factor. Molecular 
and Cellular Biology 24:9771–9785. 
Ahmad S (1967) Contributions to the fungi of west Pakistan VI. Biologia 13:38. 
Ahmad S (1968) Contribution to the fungi of west Pakistan VII. Biologia 14:4. 
Alfaro ME, Zoller S, Lutzoni F (2003) Bayes or bootstrap? A simulation study comparing the 
performance of Bayesian Markov Chain Monte Carlo sampling and bootstrapping in 
assessing phylogenetic confidence. Molecular and Cellular Biology 20:255–266. 
Altschul SF, Gish W, Miller W, Myers EW Lipman DJ (1990) Basic local alignment search tool.  
Journal of Molecular Biology 215:403–410. 
Alvarez LV, Groenewald JZ, Crous PW (2016) Revising the Schizoparmaceae: Coniella and its 
synonyms Pilidiella and Schizoparme. Studies in Mycology 85:1–34. 
Castresana J (2000) Selection of conserved blocks from multiple alignments and their use in 
phylogenetic analysis. Molecular Biology and Evolution 17:540–552. 
Çeliker NM, Uysal A, Çetinel B, Poyraz D (2012) Crown rot on pomegranate caused by Coniella 
granati in Turkey. Australas Plant Dis Notes 7:161–162. 
Chen Y, Shao DD, Zhang AF, Yang X, Zhou MG, Xu YL (2014) First report of a fruit rot and 
twig blight on pomegranate (Punica granatum) caused by Pilidiella granati in Anhui 
Province of China. Plant Disease 98:695. 
Crous PW, Summerell BA, Shivas RG (2012) Fungal Planet description sheets:107–127. 
Persoonia 28:138–182 . 
Crous PW, Shivas RG, Quaedvlieg W (2014) Fungal Planet description sheets: 214–280. 
Persoonia 32:184–306. 
Crous PW, Schumacher RK, Wingfield MJ (2015) Fungal systematics and evolution: FUSE 1. 
Sydowia 67:81–118. 
Crous PW, Wingfield MJ, Guarro J, Hernández-Restrepo M, Sutton DA, Acharya K, Barber PA, 
Boekhout T, Dimitrov RA, Dueñas M, Dutta AK, Gené J, Gouliamova DE, Groenewald 
M, Lombard L, Morozova OV, Sarkar J, Smith MT, Stchigel AM, Wiederhold NP, 
110 
 
Alexandrova AV, Antelmi I, Armengol J, Barnes I, Cano-Lira JF, Castañeda Ruiz RF, 
Contu M, Courtecuisse PR, da Silveira AL, Decock CA, de Goes A, Edathodu J, Ercole 
E, Firmino AC, Fourie A, Fournier J, Furtado EL, Geering ADW, Gershenzon J, Giraldo 
A, Gramaje D, Hammerbacher A, He XL, Haryadi D, Khemmuk W, Kovalenko AE, 
Krawczynski R, Laich F, Lechat C, Lopes UP, Madrid H, Malysheva EF, Marín-Felix Y, 
Martín MP, Mostert L, Nigro F, Pereira OL, Picillo B, Pinho DB, Popov ES, Rodas 
Peláez CA, Rooney-Latham S, Sandoval-Denis M, Shivas RG, Silva V, Stoilova-Disheva 
MM, Telleria MT, Ullah C, Unsicker SB, van der Merwe NA, Vizzini A, Wagner HG, 
Wong PTW, Wood AR, Groenewald JZ (2015) Fungal Planet Description Sheets: 320–
370. Persoonia 34:167–266. 
Bramble, WC (1936) Reaction of chestnut bark to invasion by Endothia parasitica. American 
Journal of Botany 23:89–94. 
Dashtban M, Schraft H, Syed TA, Qin W (2010) Fungal biodegradation and enzymatic 
modification of lignin. International Journal of Biochemistry and Molecular Biology 
1:36–50. 
Dianese JC, Medeiros RB, Santos LTP, Sutton BC (1993) Coniella costae sp nov on leaves of 
Myrcia tomentosa from Brazilian cerrado. Mycological Research 97:1234–1236. 
Edgar R (2004) MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Research 32:1792–1797. 
Filipowicz N, Momotko M, Boczkaj G, Pawlikowski T, Wanarska M, Cieśliński H (2017) 
Isolation and characterization of phenol-degrading psychrotolerant yeasts. Water Air and 
Soil Pollution 228:210. 
Galtier N, Guouy M, Goutier C (1996) SEAVIEW and PHYLO_WIN: two graphic tools for 
sequence alignment and molecular phylogeny CABIOS. Computer Applications in the 
Biosciences 12:543–548. 
Gnerre S, Maccallum I, Przybylski D, Ribeiro FJ, Burton JN, Walker BJ, Sharpe T, Hall G, Shea 
TP, Sykes S, Berlin AM, Aird D, Costello M, Daza R, Williams L, Nicol R, Gnirke A, 
Nusbaum C, Lander ES, Jaffe DB (2011) High-quality draft assemblies of mammalian 




Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit I, Adiconis X, Fan L, 
Raychowdhury R, Zeng Q, Chen Z, Mauceli E, Hacohen N, Gnirke A, Rhind N, di Palma 
F, Birren BW, Nusbaum C, Lindblad-Toh K, Friedman N, Regev A (2011) Full-length 
transcriptome assembly from RNA-seq data without a reference genome. Nature 
Biotechnology 29:644–652. 
Grigoriev IV, Nikitin R, Haridas S, Kuo A, Ohm R, Otillar R, Riley R, Salamov A, Zhao X, 
Korzeniewski F, Smirnova T, Nordberg H, Dubchak I, Shabalov I (2014) MycoCosm 
portal: gearing up for 1000 fungal genomes. Nucleic Acids Research 42:D699–704 
Gu R, Fonseca S, Puskas LG, Hackler L Jr, Zvara A, Dudits D, Pais MS (2004) Transcript 
identification and profiling during salt stress and recovery of Populus euphratica. Tree 
Physiology 24:265–276. 
Guindon S, Gascuel O (2003) A simple, fast, and accurate algorithm to estimate large 
phylogenies by maximum likelihood. Systematic Biology 52:695–705 . 
Healey A, Furtado A, Cooper T, Henry RJ (2014) Protocol: a simple method for extracting next-
generation sequencing quality genomic DNA from recalcitrant plant species. Plant 
Methods 10:21. 
Hustad VP, Kučera V, Rybáriková N, Lizoň P, Gaisler J, Baroni TJ, Miller AN (2014) 
Geoglossum simile of North America and Europe: distribution of a widespread earth 
tongue species and designation of an epitype. Mycological Progress 13:857–866. 
Loar JW, Seiser RM, Sundberg AE, Sagerson HJ, Ilias N, Zobel-Thropp P, Craig EA, Lycan DE 
(2004) Genetic and biochemical interactions among Yar1, Ltv1 and RpS3 define novel 
links between environmental stress and ribosome biogenesis in Saccharomyces 
cerevisiae. Genetics 168:1877–1889. 
Marin-Felix Y, Groenewald JZ, Cai L, Chen Q, Marincowitz S, Barnes I, Bensch K, Braun U, 
Camporesi E, Damm U, de Beer ZW, Dissanayake A, Edwards J, Giraldo A, Hernandez-
Restrepo M, Hyde KD, Jayawardena RS, Lombard L Luangsa-ard J, McTaggart AR, 
Rossman AY, Sandoval-Denis M, Shen M, Shivas RG, Tan P, van der Linde EJ, 
Wingfield MJ, Wood AR, Zhang J , Zhang , Crous PW (2017) Genera of 
phytopathogenic fungi: GOPH .  Studies in Mycology 86:99–216. 
112 
 
Mehrotra BS, Bisht NS, Harsh NSK (1982) Utilization of waste tea leaves for the growth and 
maintenance of cultures of wood-decaying fungi. National Academy Science Letters 
(India) 5:87–88. 
Mettrop IS, Cusell C, Kooijman AM, Lamers LPM (2014) Nutrient and carbon dynamics in peat 
from rich fens and Sphagnum fens during different gradations of drought. Soil Biology & 
Biochemistry 68:317–328. 
Miller MA, Pfeiffer W, Schwartz T (2010) Creating the CIPRES science gateway for inference 
of large phylogenetic trees. Proceedings of the Gateway Computing Environments 
Workshop (GCE), 14 Nov 2010, New Orleans 
Miranda BEC, Barreto RW, Crous PW, Groenewald JZ (2012) Pilidiella tibouchinae sp nov 
associated with foliage blight of Tibouchina granulosa (quaresmeira) in Brazil. IMA 
Fungus 3:1–7. 
Michailides TJ, Puckett R, Morgan DP (2010) Pomegranate decay caused by Pilidiella granati in 
California. Phytopathology 100:S83. 
Mirabolfathy M, Groenewald JZ, Crous PW (2012) First report of Pilidiella granati causing 
dieback and fruit rot of pomegranate (Punica granatum) in Iran. Plant Disease 96:461 
Nag Raj TR (1976) Miscellaneous microfungi I. Canadian Journal of Botany 54:1370–1376. 
Nag Raj TR (1981) Coelomycete systematics. In: Cole GT, Kendrick B (eds) Biology of 
Conidial Fungi 1. Academic Press, New York, pp 43-84. 
Nag Raj TR (1993) Coelomycetous anamorphs with appendage-bearing conidia. Mycologue 
Publications, Ontario 
Osadchyy V, Nabyvanets PL, Osadcha N, Nabyvants Y (2016) Processes determining surface 
water chemistry. Springer, Switzerland 
Posada D (2008) jModelTest: phylogenetic model averaging. Molecular Biology and Evolution 
25:1253–1256. 
Palou L, Guardado A, Montesinos-Herrero C (2010) First report of Penicillium spp and Pilidiella 
granati causing postharvest fruit rot of pomegranate in Spain. New Disease Reports 
22:21. 
Pollastro S, Dongiovanni C, Gerin D, Pollastro P, Fumarola G, Angelini DM, Faretra F (2016) 
First report of Coniella granati as a causal agent of pomegranate crown rot in southern 
Italy. Plant Disease 100:1498. 
113 
 
Promputtha I, Miller AN (2010) Three new species of Acanthostigma (Tubeufiaceae, 
Dothidiomycetes) from the Great Smoky Mountains National Park. Mycologia 102:574-
587. 
Rajeshkumar KC, Hepat RP, Gaikwad SB, Singh SK (2011) Pilidiella crousii sp. nov. from the 
northern Western Ghats, India. Mycotaxon 115:155–162. 
Rossman AY, Farr DF, Castlebury LA (2007) A review of the phylogeny and biology of the 
Diaporthales. Mycoscience 48:134–144. 
Samuels GJ, Barr ME, Lowen R (1993) Revision of schizoparme (diaporthales, 
melanconidaceae). Mycotaxon 40:459–483. 
Sharma ND, Agarwal GP (1977) Fungi causing plant diseases at Jabalpur Madhya Pradesh India 
part 15 some sphaeropsidales. Sydowia 30:290–296. 
Šrobárová A, Kakalíková L (2007) Fungal disease of grapevines. European Journal of Plant 
Science and Biotechnology 1:84–90. 
Sutton BC (1969) Type studies of Coniella, Anthasthoopa, and Cyclodomella. Canadian Journal 
of Botany 47:603–608. 
Sutton BC (1977) Coelomycetes VI nomenclature of generic names proposed for coelomycetes. 
Mycological Papers 141:1–253. 
Sutton BC (1980) The Coelomycetes: fungi with pycnidia, acervuli and stromata. 
Commonwealth Mycological Institute, United Kingdom 
Sydow H, Sydow P (1913) Novae fungorum species -IX. Annales Mycologici 11:62. 
Tziros GT, Tzavella-Klonari K (2007) Pomegranate fruit rot caused by Coniella granati 
confirmed in Greece. New Disease Reports 62:22. 
Van Niekerk JM, Groenewald JZ, Verkley GJM, Fourie PH, Wingfield MJ, Crous PW (2004) 
Systematic reappraisal of Coniella and Pilidiella, with specific reference to species 
occurring on Eucalyptus and Vitis in South Africa. Mycological Research 108:283–303. 
Venancio TM, Aravind L (2010) CYSTM, a novel cysteine-rich transmembrane module with a 
role in stress tolerance across eukaryotes. Bioinformatics 26:149–152 . 
Wiens JJ, Kuczynski CA, Smith SA, Mulcahy DG, Sites JW, Townsend TM, Reeder TW (2008) 
Branch lengths, support, and congruence: testing the phylogenomic approach with 20 
nuclear loci in snakes. Systematic Biology 57:420–431. 
114 
 
Yip HY (1987) Coniella duckerae sp. nov. Transactions of the British Mycological Society 
89:587–589. 
Zerbino DR, Birney E (2008) Velet: algorithms for de novo short read assembly using de Bruijn 
graphs. Genome Research 18:821–829. 
Zhao Z, Liu H, Wang C, Xu JR (2013) Comparative analysis of fungal genomes reveals different 





HONGKONGMYCES SNOOKIORUM RAUDABAUGH, ITURR.,  
& A.N. MILL., SP. NOV. 
 
The species description has been published and is available at Persoonia (40): 240–393, 
https://doi.org/10.3767/persoonia.2018.40.10. This chapter adds an introduction, ecological 





 The genus Hongkongmyces was erected by Tasang et al. (2014) and currently contains 
three species. Hongkongmyces pedis, the type species for this genus, was isolated from an 
infected human foot in Hong Kong. The type species is represented by an asexual culture. The 
second species, H. thailandica was found in Thailand on decaying bark and represented the first 
report of the sexual (teleomorph) state for this genus (Hyde et al. 2017). The third species, H. 
snookiorum, was isolated during this study (Crous et al. 208) from peatland detritus in Black 
Moshannon State Park, Pennsylvania. The culture produced the asexual (anamorph) state, linking 
the anamorph and teleomorph, and represented the first Hongkongmyces species described from 
the Americas (Crous et al. 2018). This genus is the first known Lindgomycetaceae to infect 
humans and likely has a larger distribution than currently recognized because the NCBI database 
contains two additional Hongkongmyces nucleotide sequences; one reported from Australia 
(KU059969) and the other from Brazil (KX381131). 
 
4.2 SPECIES DESCRIPTION 
 
 Hongkongmyces snookiorum Raudabaugh, Iturr., & A.N. Mill., sp. nov. 
Etymology. Named after Lucien and Shirley Snook for permitting research to be conducted on 
their property, which contributed to the discovery of this new species. 
 
Classification — Lindgomycetaceae, Pleosporales, Dothidiomycetes. 
 
Diagnosis — On potato dextrose agar (PDA). Conidiomata pycnidial, globose to ampulliform, 
hyaline turning dark brown with age, up to 500 μm diam, with central ostiole to multiple 
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ostioles, 10–15 μm diam; outer wall one cell layer of brown textura prismatica to textura 
angularis, inner wall 2–3 cell layers of brown textura angularis. Conidiogenous cells discrete, 
phialidic, hyaline, smooth, tightly aggregated, subulate to ampulliform, 7.5–10 × 4–4.5 μm, with 
sympodial proliferations. Conidia white in mass, hyaline, solitary, ellipsoid to ovoid, 4.5–5.5 × 
3.5–4 μm, 1–2 central guttules when mature, several small guttules when young.  
 
Culture characteristics — Colonies (holotype, 25 °C after 2 wk) moderately slow-growing on 
water agar (WA), cornmeal agar (CM), and potato dextrose agar (PDA). Colonies reaching 38–
40 mm diam on WA, 18–21 mm diam on CMA, and 28–32 mm diam on PDA. Silky, hyaline on 
WA, felty, hyaline to white on CMA, and felty, greyish brown (D3–D5) (Kornerup & Wanscher 
1978) with hyaline margin on PDA; margin even, appressed; reverse same as the mat.  
 
Habitat — Submerged detritus from a fresh water fen.  
 
Distribution — Known only from Pennsylvania, USA. 
 
Typus — USA, Pennsylvania, Center County, near Philipsburg, Black Moshannon State Park, 
40.9008, -78.0604, isolated from submerged detritus from a fresh water fen, 11 Aug. 2014, D.B. 
Raudabaugh & M. Woodley (holotype ILLS81638, ex-type strain DAOMC 251900, ITS-LSU 
and tef1 sequences GenBank MH161189 and MH161190, MycoBank MB825179). 
 
Notes — Phylogenetic analyses employing ML and Bayesian criteria of individual and 
concatenated tef1 and ITS-LSU nrDNA sequences suggest that H. snookiorum and H. pedis are 
sister taxa (Figure 4.1). Hongkongmyces snookiorum can be distinguished from H. pedis based 
on habitat (fresh water fen vs. human tissue), geography (USA vs. Japan), and lack of a yellow to 
red pigment around the colony on PDA and oatmeal agar (OA) (Tsang et al. 2014) (Table 4.1). 
 
4.3 ECOLOGICAL INFORMATION 
 
 Fluorometric assays suggested that H. snookiorum produces phosphatase, 
cellobiohydrolase and xylanase. In addition, Hongkongmyces snookiorum demonstrated β-
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glucosidase and tannase activity, and could degrade starch and cellulose azure within 10 days. 
These results suggest that H. snookiorum is an environmental saprobe, although the two 
unknown Hongkongmyces sequences deposited in NCBI (KU059969 and KX381131) were 





4.4 TABLE AND FIGURES 
 
Table 4.1 Comparison of described Hongkongmyces species. 
  
Species Isolation Geography Morphology Reference 
H. pedis infected 
human foot 
Japan ascomata and conidiomata 
unknown; culture produces 
yellow/red pigment on PDA and 
OMA, growth at 37 °C 
Tsang et al. 
(2014) 




ascomata unknown; conidiomata 
on PDA, OMA, water agar with 
Miscanthus; conidia 4.7–5.5 × 3.4–
4.0 µm, growth at 40 °C 
present study 
H. thailandica decaying 
bark 
Thailand ascomata known; ascospores 45–
60 × 8–18 µm, broad-fusiform, 1-
transversely septate; conidiomata 
unknown 





Figure 4.1 Phylogram of the RAxML version 8.2.10 (Stamatakis 2014) maximum likelihood 
analysis of Hongkongmyces species based on combined tef1 and ITS-LSU nrDNA sequences. 
Bootstrap support values ≥ 70 % are shown above branches. Thickened branches indicate 
Bayesian posterior probabilities ≥ 95 %. Hongkongmyces snookiorum is shown in bold. The type 
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5.1 COMMUNITY COMPOSITION AND STRUCTURE INSIGHTS 
 
 This research has strived to provide a better understanding of the community 
composition, phylogenetic structure and functional roles of submerged detritus-inhabiting fungi 
within temperate peatland and stream environments. Using both culture-dependent and culture-
independent methods, this research has compiled a comprehensive and diverse species list for 
each habitat and described two new species. In addition, by placing species within a phylogenetic 
framework at the class level, we can begin to better understand what species are found within 
these habitats and provide insight for obtaining novel species using a guided sampling and 
isolation approach. Of particular interest, this research has demonstrated that OTU clusters of 
known genera are in phylogenetic agreement with previous studies. Therefore, OTU clusters 
have the potential to represent active genera within these habitats which could provide an 
alternative method to read abundance in determining how species composition changes in 
response to environmental change but further evaluation is needed to confirm this hypothesis. 
 Placing OTUs into class level phylogenies provides valuable insight and direction for 
obtaining cultures of difficult to culture and unknown species. For example, a prominent 
peatland OTU cluster within the Saccharomycetes was classified to the genus Lipomyces. 
Culturing novel Lipomyces species has potential benefits to society because Lipomyces starkeyi 
has been shown to degrade the herbicide N, N′-dimethyl-4,4′-bipyridinium dichloride (Paraquat) 
(Carr et al. 1985), which is a known pulmonary toxin in humans (Landrigan et al. 1983). 
Lipomyces are isolated using nitrogen free media with cycloheximide (Naganuma et al. 1999) so 
it is not surprising no cultures were obtained in this study for this genus. With this insight, it is 
now feasible to re-sample fine detritus and culture peatland Lipomyces with the potential of 
discovering novel species. 
 Similarly, peatland and stream clades of Meliniomyces have been identified within the 
Leotiomycetes and are typically described as dark septate root associated endophytes (Ohtaka 
and Narisawa 2008). Ohtaka and Narisawa (2008) have suggested using Meliniomyces variabilis 
as a biocontrol agent since it was reported to suppress Verticillium and Fusarium (Narisawa et al. 
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2004). No Meliniomyces cultures were obtained in this study, but with the current information a 
targeted sampling of root tips may allow for the isolation of Meliniomyces isolates from these 
habitats. A similar review of all OTU clusters will allow for a guided re-sampling approach 
increasing the odds of isolating novel and potentially useful isolates for both scientific discovery 
and societal applications.  
 As mentioned above, this research explored the possibility of habitat specific OTU 
clusters to represent active genera within these habitats. Read abundance at higher classification 
levels has been used to indicate community change but using read abundance at the lower 
taxonomic scale could be problematic due to sequencing and amplification biases (Aird et al. 
2011). In contrast, habitat OTU clusters may provide an alternative as it would be unlikely for 
multiple closely related OTUs (species) to be transient. This research identified numerous habitat 
specific OTU clusters within six fungal classes and demonstrated that the taxonomic 
determination of these OTUs was consistent with historical literature. Therefore, an automated 
algorithm designed to parse out OTU clusters could be a valuable tool for identifying important 
genera. 
 Utilizing a phylogenetic approach to community structure has also demonstrated that the 
peatland fungal communities are phylogenetically more-tightly clustered within each class than 
the stream fungal communities. The main exception is within the Leotiomycetes as the stream 
fungal communities were more clustered than the peatland communities. Research has shown 
that Leotiomycetes diversity decreases when environmental nitrogen levels increase (Ma et al. 
2018) and may explain the phylogenetic clustering within the stream Leotiomycetes. All stream 
habitats are within the vicinity of farms and this results suggests that some nitrogen influx is 
occurring. In addition, phylogenetic clustering patterns within the Agaricomycetes highlight the 
importance of the plant community. Many plant-associated fungi were isolated from the peatland 
habitats highlighting the influence of the local plant community on fungal community 
composition and structure. Although few Agaricomycetes exist within freshwater streams (Frank 
et al. 2010), Agaricomycetes diversity was high within the peatlands and many of the genera are 
known tree associated ectomycorrhizal fungi. In the future, it would be intriguing to broaden the 
study to include more of the plant-associated fungal community (endophytes and root-





5.2 COMMUNITY FUNCTION INSIGHTS 
 
 Functional analyses have demonstrated that many species within and between the two 
fungal communities are functionally redundant but that the magnitude of function can vary, even 
between closely related species. In addition, the Eurotiomycetes and a clade within the 
Dothideomycetes were consistent degraders of starch, whereas the remaining Dothideomycetes 
and Sordariomycetes were consistent degraders of cellulose and tannic acid. The most surprising 
fact is that 50-95 % of OTUs within most fungal classes could not be assigned to a fungal guild 
through FUNGuild. This highlights a huge knowledge gap in understanding the environmental 
roles of these fungi and limits our ability to understand how classes of fungi, let alone individual 
species, contribute to ecological fungal driven processes. 
  
5.3 NOVEL SPECIES AND FUTURE DIRECTION 
 
 This research has discovered and described two new fungal taxa: Coniella lustricola 
(Raudabaugh et. al. 2017) and Hongkongmyces snookiorum (Crous et al. 2018). Coniella 
lustricola also represents the first published genome of a Coniella species and will be of value as 
a comparison against pathogenic Coniella species currently infecting economically valuable 
agricultural crops. The Coniella genome expanded our understanding of what genes were present 
within this group of fungi with the discovery of three genes in the peptidase family S64, a family 
lacking in all other Diaporthales sequenced genomes. It also possessed a predicted gene for 
cysteine rich TM module stress response (CYSTM) that is known for stress tolerance across 
eukaryotes, but that is lacking in all other Sordariomycetes. This research also predicted that 
some of these unique genetic differences may indicate an adaptation to a high tannic acid, low 
nitrogen environment and phenolic-rich detritus typically found in peatlands. Obtaining 
additional genomes of peatland and stream fungi would enable valuable comparisons for 
understanding the influence of habitat selection pressure on fungi.  
 The discovery and description of Hongkongmyces snookiorum was equally important 
because it was the third Hongkongmyces species to be described, the first description from the 
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Americas and provided the first asexual description for the genus. This species will also serve as 
a valuable comparison to Hongkongmyces pedis that can infect humans.  
 It is important to note that both new species were isolated using tea agar (Mehrotra et al. 
1982) suggesting that using decaying plant matter as a substrate may be useful for isolating 
saprobes. In addition, insights obtained through the class level phylogenetic analyses suggest 
using nitrogen free medium and a root-tip targeted re-sampling approach will likely result in the 
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Table A.1. Unique OTU taxonomic determination. 
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X X  
    
  
Arthothelium spectabile X 
  
 
    
Ascomycota Dothideomycetes Allophoma sp. X 
 
X  
    
  
Alternaria alternata X X 
 




X X  X X X X 
  
Ampelomyces quisqualis X 
  
 
    
  





    
  


































Boeremia exigua X 
 
X  
    
  
Boeremia exigua 
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Cladosporium dominicanum X 
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Curvularia trifolii X X X  X 





    
  
Dendryphiella sp. 
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HC NP PR  BB TV BM 
Ascomycota Dothideomycetes Devriesia pseudoamerica X 
 
X  








































    
  
Dothiorella sp. X X 
 
 
    
  
Endoconidioma populi X 
 
X  
    
  
Epicoccum nigrum X X X  X X X X 
  














Fusicladium effusum X 
  
 
    
  
Fusicladium sp. 
   
 













    
  
Herpotrichia juniperi X 
  
 
    
  
Hongkongmyces snookiorum 
   
 






    
  
Hormonema sp. 
   
 






    
  
Kabatiella zeae X 
  
 
    
  
Keissleriella yonaguniensis 
   
 
   
X 
  
Lasiodiplodia crassispora X 
  
 




X X X  X X X 
 
  
Leptosphaeria            
sclerotioides 
X X X  
    
  
Leptosphaeria sp. X 
 
X  




   
 




   
 




   
 








    
  
Lophiostoma cynaroidis 
   
 
   
X 
  
Lophiostoma semiliberum X 
  
 
    
  




Lophiotrema rubi X 
  
 
    
  
Macrovalsaria megalospora X X X  X X X 
 
  








   
 
   
X 
  







Microcyclospora sp. X 
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Ascomycota Dothideomycetes Mycosphaerella latebrosa X X X  
    
  
Mycosphaerella nyssicola 
   
 
   
X 
  
Mycosphaerella punctiformis X 
 
X  
    
  
Mycosphaerella sp. 
   
 
   
X 
  
Mycosphaerella tassiana X 
  
 X 
   
  
Mycosphaerella ulmi X 
  
 
    
  
Neoascochyta desmazieri X 
  
 
    
  
Neoascochyta paspali X 
  
 





    
  
Nigrograna mackinnonii X X X  X X X 
 
  
Nothophoma quercina X 
  
 
    
  













    
  
Paraconiothyrium archidendri X X 
 
 
    
  
Paraconiothyrium brasiliense X X X  X X X X 
  
Paraconiothyrium fuckelii 
   
 




















Paraphaeosphaeria        
sporulosa    
 
   
X 
  
Paraphoma sp. X 
  
 
    
  
Passalora californica X 
  
 
    
  
Peltaster sp. 













Periconia sp. X 
 
X  




X  X 
   
  
Peyronellaea sp. 
   
 
   
X 
  
Phaeobotryon cupressi X 
  
 
    
  
Phaeodothis sp. X 
  
 




X X  
    
  
Phoma macrostoma 
   
 




   
 
   
X 
  
Phoma segeticola X 
  
 
    
  




Phyllosticta minima X 
  
 











X X  
    
  











    
  









X X  
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Ascomycota Dothideomycetes Preussia terricola X 
 
X  
    
  







Pseudocercosporella chaenomelis X X X  
    
  
Pseudorobillarda eucalypti X 
  
 
    
  
Pyrenochaeta unguis-hominis 
   
 
   
X 
  
Pyrenochaetopsis leptospora X X X  X X X 
 
  
Pyrenochaetopsis microspora X 
  
 
    
  
Pyrenochaetopsis pratorum X X X  





   
X 
  
Rachicladosporium cboliae X 
  
 
    
  
Ramichloridium sp. 
   
 X 
   
  
Ramularia nyssicola X X X  X X X 
 
  

































   
 








    
  
Septoriella hirta X 
  
 
    
  
Septoriella phragmitis X 
  
 











X X  
    
  
Setophoma vernoniae 
   
 




   
 X 
   
  
Sphaerulina amelanchier 
   
 
   
X 
  
Sphaerulina socia X 
  
 
    
  
Sphaerulina sp. X X X  
    
  
Stagonospora foliicola X 
  
 
    
  
Stagonospora pseudocaricis 






   
 










Stagonosporopsis tanaceti X 
 
X  
    
  
Stagonosporopsis valerianellae 
   
 






    
  
Teichospora melanommoides 
   
 








   
  
Tetraplosphaeria sasicola 
   
 X 
   
  
Toxicocladosporium ficiniae 
   
 








   
  
Trichometasphaeria sp. X 
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HC NP PR  BB TV BM 
Ascomycota Dothideomycetes Tumularia aquatica 
  
X  
    
  
Uwebraunia dekkeri X 
  
 X 
   
  
Valsaria insitiva X 
  
 






















    
  
Westerdykella sp. X X X  
    
  
Zymoseptoria brevis 







   
 




   
 X X 
  
  
Zymoseptoria verkleyi X 
  
 X X 
  
Ascomycota Eurotiomycetes 
    
 











   
 
   
X 
  





Aspergillus citrisporus X 
  
 
    
  
Aspergillus clavatus X 
  
 
    
  
Aspergillus fumigatus X 
  
 

























Aspergillus proliferans X 
  
 
    
  
Aspergillus ruber X 
  
 
    
  















Aspergillus terreus X 
  
 
    
  
Aspergillus versicolor 
   
 
   
X 
  
Bradymyces alpinus X 
  
 














    
  
Capronia semi-immersa X X 
 
 









Chrysosporium pilosum X 
  
 
    
  
Chrysosporium sp. X 
  
 
    
  



















X X  
    
  
Exophiala capensis 
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Ascomycota Eurotiomycetes Exophiala equina 







   
 
   
X 
  
Exophiala salmonis X 
  
 
    
  
Exophiala sp. X X 
 




   
 
   
X 
  







Knufia cryptophialidica X 
  
 
    
  
Paecilomyces sp. 
   
 
   
X 
  
Penicillium adametzioides X 
  
 




X X  
    
  
Penicillium bialowiezense X X 
 
 







    
  
Penicillium brasilianum 
   
 
   
X 
  









   
 


















   
 




   
 
   
X 
  
Penicillium cremeogriseum X 
  
 
    
  
Penicillium crustosum 
   
 








    
  
Penicillium expansum 
   
 








    
  
Penicillium glabrum 
   
 




   
 
   
X 
Ascomycota Eurotiomycetes Penicillium glaucoalbidum X X X  X X X X 
  
Penicillium hennebertii 
   
 
   
X 
  
Penicillium hoeksii X 
  
 












   
 





X X  
    
  
Penicillium malachiteum X 
 





   
 






    
  









    
  
Penicillium oxalicum 
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Penicillium paneum X 
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X X  
    
  
Penicillium vasconiae 
   
 X 




X X  X 
   
  
Penicillium viticola 
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X 
  
Phialophora cyclaminis X 
 
X  
    
  
Phialophora sessilis 
   
 
   
X 
  





















    
  
Sclerocleista ornata 
   
 
   
X 
  
Strelitziana albiziae X 
 
X  




X  X X 
  
  
Talaromyces albobiverticillius X X 
 
 X X X 
 
  
Talaromyces amestolkiae X 
  











Talaromyces piceae X 
  
 
    
  
Talaromyces proteolyticus 
   
 X 
   
  
Talaromyces purpureogenus X X 
 
 
    
  
Talaromyces rugulosus X 
  
 
    
  
Talaromyces stollii X 
 




   
 X 
   
  
Thermomyces lanuginosus X 
 
X  
    
  
Trichomerium dioscoreae X 
  
 













    
Ascomycota Incertae_sedis Filosporella sp. 
   
 
   
X 
  













   
 
   
X 
Ascomycota Lecanoromycetes Bacidi arnoldia X 
  
 
    
  







Leptogium sp. X 
  
 
    
  
Lobaria quercizans X X 
 
 X X X 
 
  
Physcia stellaris X 
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Ascomycota Lecanoromycetes Physciella chloantha X 
  
 





    
  
Usnea fragilescens X 
  
 




X X  X X X 
 
Ascomycota Leotiomycetes 
    
 






   
X 
  
Alatospora acuminata X X X  





    
  





Anguillospora longissima X 
 
X  
    
  
Arachnopeziza aurata 














    
  
Ascocoryne cylichnium X X X  












   
 















    
  
Cadophora luteo-olivacea 
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Cadophora sp. X 
 
X  X 
   
  
Calloria urticae X 
  
 
    
  








   
 





X X  
    
  
Chalara sp. X 
 
X  
    
  
Chalara vaccinii 
   
 










Coleophoma sp. X 
  
 





    
  
























    
  
Dimorphospora foliicola 
   
 
   
X 
  













    
  
Geomyces sp. 
   
 




   
 
   
X 
  
Helicodendron luteoalbum X 
 
X  X X 
  
  






Table A.1. (cont.) 





HC NP PR  BB TV BM 
Ascomycota Leotiomycetes Helicodendron triglitziense 







Hyaloscypha albohyalina X 
  
 
    
  
Hyaloscypha leuconica var. 
bulbopilosa   
X  
    
  
Hyaloscypha sp. X X 
 





X X  












   
 
   
X 
  
Hymenoscyphus tetracladius X X X  
    
  
Lachnum sp. 
   
 X 
   
  







Lemonniera sp. X 
  
 
    
  







Leptodontidium sp. X 
 
X  
    
  
Leptodontidium trabinellum X X 
 
 














    
  
Loramyces macrosporus 
   
 
   
X 
  




   











   




   
 





X X  








    
  
Neobulgaria pura X X X  X X X 
 
  






   
 X 
   
  












   













X X  
 

















X X  










Phialocephala humicola X X 
 
 
    
  
Phialocephala sp. 






   
 




   
 










Table A.1. (cont.) 





HC NP PR  BB TV BM 
Ascomycota Leotiomycetes Pseudeurotium hygrophilum X X X  X 
   
  
Pseudogymnoascus pannorum 
   
 
   
X 
  
Pseudogymnoascus roseus X 
  
 
    
  
Rhabdocline parkeri 
   
 X 
   
  
Rhizodermea veluwensis 







   
 
   
X 
  
Scytalidium lignicola X 
  
 
    
  
Scytalidium sp. X 
 
X  





















    
  
Tetrachaetum elegans X 
 
X  
    
  
Tetracladium marchalianum X 
  
 X 
   
  








   
 
   
X 
  
Thelebolus globosus X X X  
    
  
Trichosporiella sp. 
   
 
   
X 
  
Tricladium angulatum X 
  
 
    
  
Urceolella carestiana 
   
 






    
  
Variocladium giganteum 












   















    
  
Xenopolyscytalum sp. 
   
 X X 
  
Ascomycota Orbiliomycetes 
    
 X 







    
Ascomycota Pezizomycetes Ascobolus crenulatus 
   
 X 


























    
  
Peziza sp. X 
  
 
    
  
Pseudaleuria sp. X 
  
 
    
  
Pseudoplectania episphagnum 
   
 X 










    
  
Rhizina undulata 






Rhodoscypha sp. X X 
 
 
    
  
Sarcoscypha dudleyi X 
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Table A.1. (cont.) 





HC NP PR  BB TV BM 
Ascomycota Pezizomycetes Scutellinia scutellata X 
 
X  
    
  






















    
 
   
X 
  

















pseudoglaebosa/glaebosa    
 
   
X 
  
Candida quercitrusa X 
  
 
    
  
Candida railenensis X X X  




   
 
   
X 
  
Candida sake X 
  
 
   
X 
  




X X X 
  
Candida tanzawaensis 
   
 




   
 X 
   
  
Cyberlindnera sargentensis 







   
 
   
X 
  
Cyberlindnera sp. X 
  
 
   
X 
  
Debaryomyces hansenii X 
  
 




   
 
   
X 
  
Dipodascus australiensis X 
 
X  





    
  
Diutina catenulata X X 
 
 
    
  
Galactomyces pseudocandidum 
   
 




   
 




   
 




   
 
   
X 
  
Lachancea kluyveri X 
  
 
    
  
Lipomyces sp. X 
 











   
 
   
X 
  
Meyerozyma caribbica X 
  
 
    
  
Meyerozyma sp. 











    
  
Ogataea saltuana 
   
 




   
 




   
 
   
X 
  
Pichia sp. X 
  
 














Table A.1. (cont.) 





HC NP PR  BB TV BM 
Ascomycota Saccharomycetes Sugiyamaella sp. 







   
 








    
  
Wickerhamomyces anomalus X 
  
 




   
 
   
X 
Ascomycota Sordariomycetes Acaulium acremonium X 
  
 
    
  
Acaulium sp. X 
  
 
    
  














   
 
   
X 
  
Acremonium persicinum X 
  
 
    
  
Acremonium polychromum X 
  
 
    
  
Acremonium rutilum X 
  
 
   
X 
  
Acremonium sp. X 
  
 
   
X 
  
Acremonium spinosum X X X  
    
  
Acremonium zeae 
   
 




   
 




   
 
   
X 
  
Annulohypoxylon truncatum X 
  
 X 
   
  

















    
  
Beauveria bassiana 
   
 




   
 









X X X 
  
Beauveria pseudobassiana X X X  
    
  
Beauveria sp. 
   
 




   
 




   
 















    
  
Biscogniauxia sp. X 
 
X  
    
  
Castanediella couratarii 







Cephalosporium sp. X 
 
X  
    
  
Cephalotrichum stemonitis X 
  
 
    
  
Cercophora sp. X X X  
    
  







Chaetomium nigricolor X 
 
X  
    
  
Chaetomium sp. 
   
 








    
  
Chaetosphaeria chloroconia 
   
 




Table A.1. (cont.) 





HC NP PR  BB TV BM 
Ascomycota Sordariomycetes Chaetosphaeria sp. X 
 
X  
    
  
Chaetosphaeria vermicularioides 
   
 X 
   
  
Chaunopycnis alba 
   
 




   
 
   
X 
  
Chloridium sp. X X X  




   
 
   
X 
  
Circinotrichum maculiforme X 
  
 








Clonostachys rosea X X X  




   
 
   
X 
  
Collarina aurantiaca X 
  
 
    
  
Colletotrichum alatae X 
 
X  
    
  
Colletotrichum anthrisci X 
  
 
    
  
Colletotrichum graminicola X 
  
 
    
  
Colletotrichum lupini X 
  
 























X X  
    
  
Coniochaeta sp. X 
  
 
    
  
Conlarium sp. X X 
 
 





    
  
Cordyceps brongniartii X 
  
 








   
 








    
  
Cylindrium elongatum X 
  
 




X X  
    
  
Cylindrocladiella elegans 
   
 
   
X 
  
Cylindrocladiella pseudoparva X 
  
 




   
 




stellenboschensis    
 













   
 






    
  
Daldinia sp. X 
  
 
    
  
Diaporthe citriasiana 
   
 X 











X X  X 
   
  
Diaporthe pseudomangiferae 
   
 X X 
  
  
Diaporthe sp. X X 
 




Table A.1. (cont.) 





HC NP PR  BB TV BM 
Ascomycota Sordariomycetes Diaporthe tulliensis 







   
 
   
X 
  
Dichotomopilus indicus X 
  
 
    
  
Dinemasporium sp. X 
  
 
    
  
Diplogelasinospora sp. 
   




   
 




   
 
   
X 
  







   
 











   
 
   
X 
  
Fusarium pseudensiforme X 
 
X  
    
  
Fusarium sp. X X X  X X X X 
  
Fusarium sporotrichioides 
   
 




   
 
   
X 
  
Fusicolla aquaeductuum X X X  
    
  
Fusidium sp. 






Gibberella tricincta X 
 
X  
    
  
Gibberella zeae X X X  
    
  
Gibellulopsis nigrescens X 
  




Graphium basitruncatum X 
  
 























Humicola fuscoatra X 
  
 
    
  
Humicola nigrescens X 
  
 




X X  X 
   
  
Hypocrea pachybasioides 
   
 




   
 X 
   
  
Hypomyces sp. X X 
 
 
    
  
Hypoxylon carneum 






Hypoxylon macrocarpum X 
  
 
    
  
Hypoxylon sp. X 
  
 
    
  
Idriella lunata X 
  
 
    
  
Ilyonectria morspacis X 
  
 































    
  
Lecanicillium muscarium X X X  
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Table A.1. (cont.) 





HC NP PR  BB TV BM 
















Lectera colletotrichoides X 
 
X  
    
  
Lecythophora luteoviridis 
   
 




















   
 
   
X 
  
Metapochonia sp. X X 
 
 X 




X X  
    
  















Microascus brevicaulis X 
 
X  
    
  
Microascus gracilis 






Microascus sp. X X 
 
 
    
  
Microdochium bolleyi 
   
 




neoqueenslandicum   
X  
    
  
Microdochium sp. X 
  
 














    
  
Monographella nivalis X 
  
 
    
  
Myceliophthora thermophila X 
  
 
    
  
Myrmecridium phragmitis X 
  
 































   
 




   
 
   
X 
  







   
 X 
   
  
Nemania sp. 



















    
  
Neonectria ramulariae X X 
 
 











   










   
 X 
   
  
Neurospora terricola X 
  
 
    
  
Nigrospora camelliae-sinensis 







Table A.1. (cont.) 





HC NP PR  BB TV BM 












    
  
Nigrospora oryzae X 
  










Ophiognomonia sp. X 
  
 
    
  
Ovicillium sp. 
   
 
   
X 
  
Pestalotiopsis sp. X X X  
 











X X  
    
  
Plectosphaerella cucumerina X X X  X X X X 
  













X X  








Pochonia sp. X 
  
 
    
  




















    
  
Pseudovalsaria ferruginea X 
 
X  
    
  







Sarocladium bactrocephalum X X 
 
 
    
  
Sarocladium sp. 
   
 
   
X 
  
Sarocladium strictum X X 
 
 
   
X 
  
Sarocladium zeae X 
  
 
   
X 
  
Sepedonium laevigatum X X X  X 
   
  







Stachybotrys eucylindrospora X 
  
 
    
  
Stachybotrys sp. 








X X  




X X  


























    
  
Tolypocladium sp. X X 
 
 X X X X 
  







   
 
   
X 
  
Trichoderma arundiceum X X 
 
 
    
  







   
 




Table A.1. (cont.) 





HC NP PR  BB TV BM 
Ascomycota Sordariomycetes Trichoderma austrokoningii 
  
X  




X X  










    
  
Trichoderma deliquescens X 
  
 
    
  
Trichoderma harzianum X 
 
X  
   
X 
  





   
 
   
X 
  







Trichoderma moravicum X 
  
 





















   
 




   
 




   
 











Trichoderma spirale X X X  X X X 
 
  
Trichoderma stellatum X X X  
    
  







   
 
   
X 
  
Trichoderma sulphureum X 
  
 
    
  
Trichoderma tomentosum 
   
 
   
X 
  
Trichoderma virens X X X  X X X X 
  
Trichoderma viride X X X  
 
X X X 
  
Trichothecium roseum X 
  
 







    
  
Valsonectria pulchella X 
  
 
    
  
Verticillium fungicola 
   
 




   
 
   
X 
  
Virgaria nigra X X 
 
 
    
  
Virgaria sp. X 
  
 
    
  
Volutella ciliata 
   
 





X X  
   
X 
  
Wardomyces inflatus X X 
 
 
    
  
Whalleya microplaca 























    
  
Zopfiella mari X 
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Table A.1. (cont.) 





HC NP PR  BB TV BM 






   
 X 








Basidiomycota Agaricomycetes Agrocybe erebia 
   
 X 





















X X  





    
  
Amanita fulva X X X  X X X 
 
  







Armillaria mellea X X 
 
 
    
  
Armillaria sp. X X X  







    
  
Boletus paluster 













Bovista tomentosa X 
 
X  
    
  
Calvatia sp. 
   
 X 
   
  
Clavaria falcata 











































X X  





















    
  
Clitopilus sp. X 
  
 
    
  
Coniophora olivacea 
















    
  
Coprinellus xanthothrix X 
  
 
    
  
Coprinopsis atramentaria 






Coprinopsis sp. X 
 
X  X 
   
  
Coprinopsis strossmayeri X 
  
 










    
  
Cortinarius davemallochii 
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Table A.1. (cont.) 





HC NP PR  BB TV BM 
Basidiomycota Agaricomycetes Cortinarius limonius 
  
X  
    
  








   









   
 X X 
  
  
Crepidotus applanatus X 
 
X  
    
  
Crepidotus crocophyllus X 
 
X  
    
  
Crepidotus malachioides X 
  
 





    
  
Cylindrobasidium sp. X 
  
 
    
  
Cystoderma sp. X 
 
X  


















Entoloma abortivum X 
 
X  






























    
  
Entoloma rhodocylix 
   
 X 




X X  


























    
  
Fuscoboletinus spectabilis 
   
 X X 
  
  






   

























    
  
Grifola frondosa 






Gymnopilus junonius X 
  
 


























    
  
Hygrocybe citrinovirens X X 
 
 
    
  
Hygrocybe sp. 
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Table A.1. (cont.) 





HC NP PR  BB TV BM 
Basidiomycota Agaricomycetes Hypholoma capnoides 
  
X  
    
  
Hypholoma elongatum 
   






    
  






   




   
 X X 
  
  












    
  












    
  
Inocybe lanatodisca X 
  
 




























Ischnoderma resinosum X 
  
 










































Laccaria sp. X 
 




















    
  
Lactarius rufus X X X  X X 
  
  
Lactarius sp. X 
 




















    
  
Leccinum holopus 






















X X  












    
  
Lycoperdon pratense X 
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Table A.1. (cont.) 





HC NP PR  BB TV BM 





    
  
Mucronella sp. 






Mutinus sp. X X 
 
 
    
  
Mycena adonis 







   
 X 
   
  
Mycena metata X 
 
X  
    
  
Mycena silvae-nigrae 






Mycena sp. X X 
 
 X 
   
  
Mycetinis scorodonius X 
 
X  





    
  
Omphalotus illudens X 
  
 
















X  X 
   
  














Perenniporia ellipsospora X X X  




X X  









Phallus rugulosus X 
  
 X 


























X X  
    
  
Phlebia tremellosa 




















X X  
    
  






















    
  
Physisporinus vitreus X 
 
X  




X X  



















    
  
Pluteus sp. 






Postia caesia X X 
 
 










Table A.1. (cont.) 





HC NP PR  BB TV BM 









X X  










    
  
Psathyrella candollea X 
 
X  














Psathyrella sulcatotuberculosa X 
  
 
    
  
Psilocybe inquili X 
  
 





    
  
Ramariopsis sp. 








X X  




















X X  
    
  
Russula crustosa 






Russula emetica X 
  
 X X 
  
  
Russula mariae X X 
 
 
    
  










   
  
Scleroderma areolatum X 
  
 














X X  
    
  















    
  
Simocybe sumptuosa X 
  
 
    
  
Sistotrema brinkmannii 






Sistotrema coronilla X 
  
 












    
  
Sparassis crispa X 
 




   
 X 
   
  
Steccherinum bourdotii X 
  
 
    
  
Steccherinum ochraceum X 
  
 




X X  







    
  
Strobilomyces sp. 















X X  
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Table A.1. (cont.) 





HC NP PR  BB TV BM 
Basidiomycota Agaricomycetes Suillus cavipes 






















X X  


























    
  
Thelephora terrestris 
   






















    
  
Tomentella ferruginea X 
  
 
    
  















    
  
Tomentellopsis echinospora 
   































X X  
    
  
Trechispora stevensonii X 
  
 





    
  
Tricholoma saponaceum 











    
  
Typhula variabilis X 
  
 
    
  
Tyromyces chioneus 
   
 
   
X 
  
ucoria salicis X 
  
 









X X  
    
  
Xeromphalina cauticinalis 











    
  
Xylodon sambuci X 
  
 





    
Basidiomycota Agaricostilbomycetes 
  
X X  X 
   
  
Kondoa sp. X 
  
 
    
  













Buckleyzyma aurantiaca X 
  
 
    
  
Cystobasidium benthicum X 
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Table A.1. (cont.) 





HC NP PR  BB TV BM 
Basidiomycota Cystobasidiomycetes Cystobasidium slooffiae 
  
X  
    
  
Erythrobasidium hasegawianum X X X  









Naohidea sebacea X 
  
 
    
  
Symmetrospora gracilis 
   
 X 






    
Basidiomycota Exobasidiomycetes Curvibasidium cygneicollum 
  
X  

























X X  
    
  
Exobasidium vaccinii 
   
 X 










   
 
   
X 
  
Microstroma album X 
  
 
    
  
Pseudomicrostroma sp. X 
  
 
    
  
Tilletiopsis washingtonensis X 
 
X  
    











    
Basidiomycota Microbotryomycetes Chrysozyma griseoflava 






Curvibasidium cygneicollum X 
  




   
 X X 
  
  
Glaciozyma antarctica X 
 
X  
    
  
Leucosporidium scottii 
   
 
   
X 
  
Leucosporidium sp. X 
  
 











   
 








    
  
Oberwinklerozyma silvestris 


















    
  
Rhodotorula bogoriensis 
   
 




glacialis/psychrophila    
 
   
X 
  
Rhodotorula mucilaginosa X 
 
X  




   
 




   
 




















   
 




   
 




   
 X 
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Table A.1. (cont.) 





HC NP PR  BB TV BM 
Basidiomycota Microbotryomycetes Ustientyloma sp. 
   
 
   
X 
Basidiomycota Pucciniomycetes 
   
X  











Puccinia graminis X 
 
X  
    
Basidiomycota Spiculogloeomycetes Phyllozyma linderae 





Basidiomycota Tremellomycetes Apiotrichum laibachii X X X  
    
  
Apiotrichum scarabaeorum X 
  
 
    
  
Apiotrichum sp. 
   
 
   
X 
  





Bullera alba X 
  
 











   
 
   
X 
  
Cryptococcus aureus X 
  
 
    
  
Cryptococcus filicatus 
   
 




   
 




   
 




   
 




   
 










   
 




   
 
   
X 
  
Cryptococcus sp. X 
 


















Cystofilobasidium macerans X 
  
 
   
X 
  
Dioszegia fristingensis X 
  
 
    
  
Dioszegia sp. X 
  
 
    
  
Dioszegia zsoltii var. yunnensis X 
  
 
    
  
Fellomyces sp. 






Fibulobasidium inconspicuum X 
  
 X X 
  
  











   
 




   
 X 
   
  














Guehomyces pullulans X X X  
 
X X X 
  
Hanella coprosmae X 
 
X  X 
   
  
Hanella luteola X 
  
 
    
  








Table A.1. (cont.) 





HC NP PR  BB TV BM 





Holtermanniella takashimae X 
  
 
    
  
Kockovaella prillingeri 
   
 X 
   
  
Kockovaella sp. X 
  
 







    
  
Mrakia blollopis 
   
 
   
X 
  










    
  
Naganishia sp. X 
  
 
    
  
Papiliotrema aurea X 
  
 X 






























Piskurozyma sp. X 
 
X  
    
  
Saitozyma podzolica X X X  X X X X 
  
Sirobasidium brefeldianum X 
  
 





    
  




   
 








    
  






akiyoshidainum/laibachii    
 




   
 




   
 
   
X 
  
Trichosporon sp. X X 
 
 


















   
 




   
 
   
X 
  
Vishniacozyma carnescens X 
 
X  
    
  







Vishniacozyma foliicola X 
  
 
    
  










    
  
Vishniacozyma tephrensis X 
 
X  
    
  






Basidiomycota Tritirachiomycetes Tritirachium cinnamomeum 



















Pseudozyma sp. X 
 
X  
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Table A.1. (cont.) 





HC NP PR  BB TV BM 
Basidiomycota Ustilaginomycetes Ustanciosporium gigantosporum 
   
 





















Wallemia hederae X 
 
X  X X 
  
  
Wallemia sebi X 
  
 




X X  X X X 
 















Chytridiomycota Lobulomycetes Lobulomyces angularis 
   
 X X X 
 
Chytridiomycota Rhizophydiomycetes 









    
  
Operculomyces lamitus X 
  
 
    
  
Paranamyces uniporus X 
  
 
    
  








    
Chytridiomycota Spizellomycetes Powellomyces sp. 
   
 X 
   
Entomophthoro-
mycota 
Basidiobolomycetes Basidiobolus ranarum 
 
X X  
    

































   
Mortierellomycota Mortierellomycetes Mortierella alpina X 
  
 
    
  
Mortierella ambigua X 
 
X  
    
  
Mortierella angusta 
   
 
    
  








   
 X 











X X  X X 
  
  





Mortierella gamsii X 
  
 







    
  
Mortierella humilis X X X  X X 
  
  
Mortierella jenkinii X 
  
 X 
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Table A.1. (cont.) 





HC NP PR  BB TV BM 
Mortierellomycota Mortierellomycetes Mortierella pulchella 
 





X X  
    
  
Mortierella sarnyensis X 
  
 
    
  
Mortierella sossauensis 
   
 
   
X 
  
Mortierella sp. X X X  X X X X 
  
Mortierella turficola 










    
  
Endogone sp. 





Mucoromycota Incertae_sedis Bifiguratus adelaidae X X X  X X 
  
Mucoromycota Mucoromycetes Mucor circinelloides X 
  
 
    
  
Mucor hiemalis 
   
 








    
  
Mucor laxorrhizus 











    
  
Mucor mucedo X 
  
 





    
  
Mucor piriformis X 
  
 
    
  
Mucor sp. 
   
 











   
 
   
X 





    
  
Umbelopsis dimorpha X X X  
 
X X X 
  
Umbelopsis isabellina X X 
 
 
   
X 
  
Umbelopsis ramanniana X X X  
 














    
Rozellomycota Incertae_sedis 
   








    









Table A.2. Functional results for peatland and stream cultures. 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 








42 58 36 54 133 161   +    + + 
261   49 71 52 159 82 116  7 + + + + +++ + 
262   35 83 54 119 90 114   + + + +  + 
263   65 94 83 114 160 170  7 + + + +  + 
264   35 45 28 43 79 112  7 +  +  +++ + 
265   44 77 53 70 90 115  7 + + +  +++ + 
266   27 39 29 78 104 127  6 + + +  + + 
28   26 34 27 36 75 121  6 + + +  + + 
30   25 31 26 40 81 120  7 + + +  +++ + 
438   32 37 28 46 79 121  10 + + +  + + 
506   58 68 48 61 100 124  10 + + +  + + 




 31 66 27 36 100 104   + + + +  + 
371 Boeremia  14 37 31 55 88 115  7 + + + +  + 
372   22 37 25 38 94 119  7 + + + + + + 
61 Capnodium  41 57 27 40 121 120   +    + + 
271 Cercospora  27 31 39 48 96 117   + + + + + + 
275   46 67 40 72 163 188   + + +  + + 
148 Ceuthospora  25 32 42 36 102 125   + + +  + + 
288 Cladosporium  37 67 40 89 100 113  3 + + +  + + 
289   24 24 25 30 58 107  4 + + +  + + 
290   28 42 26 37 117 111  6 + + + + + + 
291   28 59 27 63 62 109  4 + + +   + 
292   30 40 36 52 90 113  4 + + +   + 
293   25 39 25 38 90 110   +    + + 
294   26 41 26 45 74 110  7 + + +  + + 
295   48 57 48 35 69 111  7 + + +  + + 
296   40 59 43 74 155 186  7 + + +  + + 
297   23 28 25 35 69 111   +   + + + 
298   25 40 26 43 87 112  3 +    + + 
344   97 67 75 42 108 127  6 + + +  + + 
345   27 38 27 42 96 127   + + +  + + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
393 Cladosporium  28 37 58 51 106 123  4 + + +  + + 
394   45 37 61 90 109 125  4 + + +   + 
454   25 37 25 37 88 115   + + +  + + 
56   18 35 25 43 92 123  4 + + +  + + 
57   21 72 21 50 81 103  10 + + +  +++ + 
58   30 42 27 25 81 102   + + +  + + 
125 Coniothyrium  34 40 32 43 71 129  6 + + +  + + 
20   31 41 35 46 106 148   + + +  + + 
331   41 42 35 45 84 117  3 + + +  + + 
71   40 36 34 31 66 98  4 + + +  + + 
82   31 37 39 82 84 105  4 + + + + +++ + 
127 Dendry-phiella  37 42 29 45 136 130  6 + + +   + 
410 Epicoccum  98 37 119 103 126 143   + + + + +++ + 
411   84 37 80 121 141 201  10 + + +   + 
455 Fusicladium  31 35 26 36 104 122   + + + + + + 
1 Hongkong-
myces 
 59 79 60 78 131 173  7 + + +   + 
368 Hormonema  36 36 33 39 81 106   + + +   + 
190 Keissleriella  33 46 35 39 88 135  9 + + +  + + 
432 Lepto-sphaeria  30 37 33 35 75 118  7 + + +  + + 
433   34 37 35 68 112 169  7 + + + + + + 
66   93 159 49 58 145 167  7 + + +   + 
70 Lepto-
sphaerulina 
 39 46 41 62 67 103  4 + + + + + + 
2 Lindgomyces  76 47 82 71 122 178  7 + + +   + 
355 Lophiostoma  28 34 38 34 76 127  7 +    + + 
130 Massarina  38 49 37 53 103 159  7 + + +   + 
217 Myco-
sphaerella 
 43 64 60 79 113 141   + + +   + 
327 Para-
coniothyrium 
 35 47 36 76 117 160  5 + + +  + + 
328   30 38 30 39 77 115  5 + + + + + + 
67   33 49 32 59 95 157  7 + + +  + + 
68   25 26 27 33 85 126  6 + + +   + 
69   56 76 67 54 76 131  5 + + + + + + 
326 Paraphaeo-
sphaeria 
 50 42 84 37 175 142   + + + + + + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
329 Paraphaeo-
sphaeria 
 32 39 31 42 129 131  9 + + + + + + 
330   39 39 29 36 78 114  6 + + +  + + 
332   27 31 32 40 91 145  6 + + +  + + 
277 Parastagono-
spora 
 33 47 32 49 113 154   + + +  + + 
126 Phoma  28 31 28 38 72 113  7 + + +  + + 
333   33 42 31 43 66 115  7 + + +  + + 
334   30 35 32 41 69 119  10 + + +  + + 
436 Phoma  25 37 26 39 70 120   + + +  +++ + 
439   29 37 30 45 76 122  7 + + + + +++ + 
440   47 37 52 58 80 115  4 + + + +  + 
77   27 57 36 36 74 99   + + +   + 
78   32 40 33 60 118 187  5 + + + + + + 
80   20 27 31 37 77 98  6 +   + + + 
81   23 39 33 50 75 104  7 + + + + + + 
151 Pleo-
sporaceae 
 32 38 32 40 75 130  6 +   + + + 
131 Pleosporales  26 36 26 40 71 122  4 + + + + + + 
149   29 38 30 37 87 136   +    + + 
150   27 31 27 33 87 126  6 +    + + 
209   31 37 31 44 95 132  6 + + +   + 
222   37 41 42 58 87 168  7 + + +   + 
231   33 34 42 50 99 136   + + +  + + 
356   27 40 28 47 88 151  3 + + +   + 
223 Preussia  31 41 54 104 104 146  7 + + + +  + 
342 Pyrenochaet
a 
 27 36 24 39 73 123  4 + + +  +++ + 
60 Recurvo-
myces 
 26 40 21 32 58 98   + + +   + 
369 Scleroconidio
ma 
 42 37 29 34 84 128   + + +   +++ 
370   67 37 73 60 111 129   + + +   +++ 
416   39 37 29 27 66 113   + + +  + +++ 
272 Sphaerulina  31 54 31 46 83 136  6 + + +  + + 
274   34 62 28 54 127 116   + + +   + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
267 Stagono-
spora 
  51 125 71 69 93 120     + + +   + + 
268     70 77 32 61 92 116   7 + + + + + + 
269     39 36 59 61 93 118   7 + + +   + + 
270     26 44 36 78 94 131   6 + + +   + + 
276     33 46 32 54 121 180   4 + + +   + + 
373 Stagono-
sporopsis 
  27 37 28 41 77 101   4 + + + + + + 
182 Tausonia   49 49 37 68 127 163   6 + + +     + 
21 Teichospora   55 86 44 58 161 175     + + +     + 
59 Toxicoclados
porium 
  78 83 69 53 130 155   7 + + +     + 
218 Zymo-
septoria 
  35 48 30 49 104 144     + + +     + 
412 Aphanoascus Eurotio-
mycetes 
                +         + 
172 Aspergillus                   + + + +   + 
8                   8 + + +     + 
14 Exophiala                   +         + 
236                     +         + 
491                     +         + 
492                     +         + 
302 Paecilomyces                   + + + + + + 
363 Paecilomyces
/Isaria 
                  + + + +   + 
10 Penicillium                   + + + +   + 
100                   8 + + + +   + 
101                   10 + + + +   + 
102                   8 +     +   + 
103                     + + + +   + 
104                   10 + + + +   + 
105                     + + + +   + 
11                   8 + + + +   + 
12                     + + + +   + 
196                   10 + + + +   + 
197                   10 + + + +   + 
198                   10 + + + +   + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
199                   5 + + + +   + 
200                   10 + + +     + 
201                     + + +     + 
202                   10 + + + +   + 
203                   10 + + +   + + 
204                   8 + + + +   + 
205                     + + + +   + 
206                   9 + + + +   + 
210                   8 + + + +   + 
211                   8 + + +     + 
212                   8 + + + +   + 
213                   10 + + + +   + 
214                     + + + +   + 
215                   10 + + + +   + 
216                   10 + + + +   + 
255                     + + + +   + 
256                     + + + +   + 
257                     + + + +   + 
3                     + + +     + 
312                     + + + +   + 
313                     + + +     + 
314  Penicillium                   + + + + + + 
315                   9 + + + +   + 
316                   10 + + +   + + 
317                   10 +   + +   + 
353                   6 + + + +   + 
384                   7 + + +     + 
385                     + + +     + 
404                   5 + + + +   + 
405                   10 + + + +   + 
413                     + + +     + 
426                   8 + + + +   + 
429                   10 + + + +   + 
43                   10 + + + +   + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 




Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
430                   9 + + + +   + 
431                   6 + + + +   + 
437                     + + +     + 
466                     + + + +   + 
467                   10 + + + +   + 
472                     +   +     + 
473                     + + + +   + 
477                   6 + + +     + 
478                   8 + + + +   + 
502                   8 + + +     + 
503                   10 + + +     + 
518                   8 + + + +   + 
519                   5 + + + +   + 
520                   6 + + +     + 
521                   9 +     +   + 
9                   9 + + +     + 
96                   9 +     +   + 
97                   8 + + + +   + 
98                   9 + + + +   + 
99                   6 + + + +   + 
154 Phialophora                   +         + 
7 Sclerocleista                 9 + + +     + 
207 Talaromyces                   + + +     + 
489                   6 +   + +   + 
490                   8 + + + +   + 
425 Thysano-
phora 
                  + + +   + + 
4 Meira Exobasidio-
mycetes 





                + + +     + 
427 Filosporella                 8 + + +     + 
428                   7 + + +     + 
181 Mortierella                   +         + 
187                     + + +     + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
324  Mortierella                   + + +     + 
325                     +         + 
346                               + 
445                     + + +     + 
446                       + +     + 
512                       + +     + 
513                   9 + + + +   + 
166 Mucor                   + + +     + 
184                     + + +     + 
185                   9 + + +     + 
144 Pseu-
deurotium 
                7 + + +     + 
186 Rhizomucor                   + + +     + 
13 Rhizoscyphus                   + + +     + 
15                     + + +     + 
208 Setophoma                 8 + + + +   + 
129 Umbelopsis                 9 +         + 
339                   7 +         + 
496                     + + + +   + 
497                     +         + 
155 Acephala Leotio-
mycetes 
                + + +     + 
156                     + + +     + 
157                     + + +     + 
158                     + + +     + 
320                     + + +     + 
321                     + + +     + 
16 Botryotinia                 6 + + +     + 
278 Cadophora                 5 + + +     + 
163 Chaetomium                   + + +     + 
159 Dimor-
phospora 
                5 + + +     + 
146 Geomyces                 5 + + +     + 
137 Godronia                 5 + + +     + 
481 Helico-
dendron 
                6 + + +     + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
482  Helico-
dendron 
                5 + + +   +++ + 
175 Helotiaceae                   + + + +   + 
160 Helotiales                 5 + + +     + 
174                     + + +   + + 
226                     + + +     + 
227                     + + +     + 
228                     + + +     + 
75                   6 + + +     + 
145 Leotio-
mycetes 
                  +         + 
343                   9 + + + +   + 
179 Loramyces                   + + + +   + 
232 Oidio-
dendron 
                  + + +     + 
233                     + + +     + 
234                     + + +   +++ + 
147 Patinella                 5 + + +     + 
249 Phialo-
cephala 
                5 + + +     + 
250                     + + +     + 
351                   6 + + +     + 
352                   8 + + +     + 
44                     + + +     + 




                6 + + +     + 
441 Tetracladium                 10 + + + +   + 
442                   9 + + +     + 
41 Tricho-
sporiella 
                  +         + 
76 Urceolella                   + + +   + + 
242 Hamamotoa Microbo-
tryomycetes 
                +         + 
447 Leuco-
sporidium 
                  + + + +   + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 





                +         + 
338 Mastigo-
basidium 
                  +         + 
17 Microbo-
tryomycetes 
                  + + + +   + 
347                     +         + 
170 Rhodotorula                   +     +   + 
171                     + + +     + 
189  Rhodotorula                   + + + +   + 
192                     +     +   + 
243                     +       + + 
322                     +         + 
323                     + + + +   + 
348                     +         + 
88                     +         + 
318 Sporobolo-
myces 
                10 + + + + + + 





                +         + 
106 Candida                   + + +     + 
24                     +         + 
241                     +         + 
25                     +         + 
253                     +         + 
26                   5 + + + + + + 
27                     +         + 
33                     +         + 
34                     +         + 
480                     +         + 
90 Cyberlind-
nera 
                  +         + 
91                     +         + 
92                     +       +++ + 
93                     +         + 
94                     +         + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
254 Debaryo-
myces 
                  +         + 
31                     +         + 
219 Galacto-
myces 
                  + + +     + 
220                   7 + + +   + + 
221                     +         + 
388                     +         + 
389                     +         + 
390                     +         + 
487                   7 +     +   + 
153 Geotrichum                   +         + 
488                     +         + 
72 Kluyvero-
myces 
                  +         + 
417 Metschni-
kowia  
                  + + +     + 
74 Ogataea                   +         + 
107 Pichia                   +         + 
40 Saccharo-
mycetales 
                  +         + 
468                     +         + 
469                   5 + + + + + + 
359 Sugiyamaella                   +         + 
504                     +       +++ + 
505                     +         + 
73 Torulaspora                   +         + 
95 Wicker-
hamomyces 
                  +         + 
501 Williopsis                   +         + 
479 Yamadazyma                   +         + 
178 Acremonium Sordario-
mycetes 
107 186 94 327 131 237   6 + + + +   + 
188     26 27 27 35 78 130     +         + 
247     30 50 32 58 85 134   6 + + +   +++ + 
311     24 26 25 31 75 117   4 + + +     + 
354     25 40 26 42 78 129   7 +     + + + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
166 
 
Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
398     30 28 30 39 81 132   6 +         + 
400     127 290 160 312 164 236   6 +         + 
403     106 187 86 167 180 166   6 + + +   + + 
475     28 44 57 47 79 120   5 + + +   + + 
476     29 39 27 30 100 112   6 +       + + 
391 Albifimbria   22 33 26 31 84 123     + + + +   + 
350 Alfaria   28 33 29 38 88 130   9 + + +   + + 
364 Beauveria   35 41 33 46 89 145     +   +   + + 
45     22 26 21 9 66 110     +   +   + + 
375     31 36 27 32 102 115     + + +     + 
377     25 25 29 33 93 103   6 + + +     + 
378     26 30 27 37 87 127   6 + + + +   + 
379     33 35 27 38 84 123     + + +     + 
386     27 39 23 36 69 126   9 + + +     + 
252 Castanediella   54 34 48 30 85 102   9 + + +   + + 
365 Chaeto-
sphaeria 
  31 31 28 33 81 130   7 + + + + + + 
19 Chaeto-
thyriales 
  41 41 42 52 109 175     +         + 
164 Chalara   27 32 29 37 82 107   10 +     +   + 
382 Chaunopy-
cnis 
  23 34 26 26 92 121     + + +     + 
374 Chloridium   32 41 28 32 88 121   8 + + +     + 
449  Chloridium   27 37 26 31 73 115   10 + + +   + + 
450     27 55 21 29 70 108   10 + + +     + 
177 Clavicipi-
taceae 
                4 + + +   +++ + 
361 Clonostachys   34 43 35 51 82 139   6 +     +   + 
376     29 34 31 49 78 132   6 + + +   + + 
387     43 58 54 95 102 140   6 + + +     + 
29 Colleto-
trichum 
  24 33 29 38 56 121   9 + + + + + + 
87     43 32 53 36 80 112     + + +   + + 
453 Coniella   39 37 43 51 158 164   7 + + + + + + 
335 Cosmospora   26 34 27 32 76 119     + + +     + 
458 Cylindro-
cladiella 
  27 40 27 33 70 112     + + +   + + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
459  Cylindro-
cladiella 
  28 31 35 29 69 119   9 +       + + 
460     29 38 28 36 71 117     + + +   + + 
55 Dactylo-
nectria 
  34 37 35 48 98 157   4 +         + 
169 Diatrypella   28 32 34 34 165 120   9 +   +     + 
360 Discosia   36 35 39 43 175 128     + + +   + + 
380 Elapho-
cordyceps 
  26 29 33 32 71 123   9 +         + 
108 Emeri-
cellopsis 
  29 38 31 52 125 186   4 + + +     + 
244 Fusarium   28 133 42 114 77 106     +     +   + 
245     21 33 31 37 69 90     + + + + + + 
282     33 47 96 68 108 119     +         + 
283     38 31 35 30 62 101     +         + 
284     25 32 24 28 54 102   5 +       + + 
285     28 22 31 34 64 86     + +     +++ + 
286     20 27 21 35 68 102   9 +         + 
337     37 37 29 31 72 125     + + +     + 
418     26 32 27 36 71 101   6 + + + + + + 
434     37 35 25 30 67 113   4 +         + 
443     30 44 30 53 80 116   4 + + +   + + 
444     29 42 30 41 71 101   9 + + + + + + 
495     33 59 41 45 78 121     +       +++ + 
498     23 36 23 35 76 119   4 +       + + 
499     45 91 41 63 87 140     + + +   +++ + 
399 Gibellulopsis   71 119 97 68 132 204   4 + + +     + 
110 Hypocrea   30 31 26 25 103 130   5 +       + + 
121     34 38 35 43 77 134   6 +         + 
122     37 43 29 52 107 128   4 + + +   + + 
140  Hypocrea   29 34 27 38 85 122     + + +     + 
303     26 39 26 33 67 113     +         + 
304     28 36 25 32 68 111   3 +         + 
305     31 39 33 63 99 116   7 + + +   + + 
306     24 30 23 28 69 115   5 +         + 
307     29 30 23 24 83 118   4 +       + + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
308  Hypocrea   37 36 40 46 114 161   9 + + +     + 
309     24 27 25 30 66 114   6 +         + 
423     30 28 26 32 71 117   4 +         + 
516     31 78 28 42 87 131   4 +   +   + + 
176 Hypocreales   31 60 38 76 100 160   5 +         + 
414     44 64 46 101 137 166   7 + + +     + 
415     31 57 29 33 104 103   7 + + +     + 
422     30 38 34 54 100 160   7 + + +     + 
340 Lecythophora   27 27 27 33 73 127   6 + + +   + + 
341     26 27 26 33 66 112   4 + + +     + 
474 Mariannaea   29 32 29 39 91 128     + + +     + 
493     24 26 25 29 69 116     + + +   + + 
494     24 25 26 26 63 93   8 + + +     + 
132 Metarhizium   55 142 87 112 117 206   6 + + +     + 
133     28 32 30 40 75 123   6 + + +     + 
134     28 24 29 30 87 121     + + +   + + 
135     25 29 26 31 120 109     + + +   + + 
299 Micro-
dochium 
  22 28 22 31 65 113   4 + + +   + + 
18     34 44 31 53 93 116   5 + + +     + 
349     88 90 119 142 132 165   6 + + +   + + 
357     36 46 37 52 119 175   9 + + +   + + 
392     33 37 35 45 114 153     + + +   + + 
336 Nectria   24 28 26 31 69 119   9 + + +     + 
47     31 33 27 35 65 110     + + +   + + 
49     49 43 84 60 96 126     +   +   + + 
50     41 42 78 72 98 128     + + +   + + 
51     75 150 40 62 110 152   9 + + +   + + 
52     28 40 34 33 86 123     + + +   + + 
53     31 29 30 35 71 127   9 +       + + 
48 Neonectria   27 27 27 14 65 116     +       + + 
54     23 16 32 25 80 126     + + +     + 
251 Neopestalo-
tiopsis 
  62 111 69 76 106 111     +     +   + 
23 Ophiosto-
mataceae 
  27 31 27 34 78 120     + + +     + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
109 Ovicillium   31 29 31 32 91 115     + + +     + 
395 Pestalo-
tiopsis 
  43 52 50 60 127 129     + + +   + + 
396     34 58 37 43 118 125   7 + + + + + + 
397     39 78 58 54 107 129   4 + + + + + + 
279 Phomopsis   38 33 32 46 107 167   7 +     + + + 
470 Plecto-
sphaerella 
  26 31 27 39 77 126     + + +   + + 
471     28 37 28 41 73 128     +   + + + + 
83     27 25 24 22 73 103   4 + + +   + + 
84     27 29 31 76 93 116   7 + + +   + + 
85     36 42 31 41 82 113     + + +   + + 
86     27 38 26 28 66 108   4 + + +   + + 
258 Pochonia   18 39 27 39 74 113   6 + + +     + 
246 Sarocladium   32 28 23 34 83 108   4 + + +     + 
248     23 24 26 30 68 106   5 + + +     + 
401     66 155 70 172 150 180   4 +   +   + + 
402     35 38 34 50 77 135   6 + + +     + 
461     27 29 24 31 92 117     + + +   + + 
510     59 91 50 103 111 138   7 +     +   + 
511     33 42 34 44 82 136   6 + + +     + 
300 Sordario-
mycetes 
  23 30 25 38 65 110     + + + +   + 
301     23 27 25 29 68 92     +         + 
310     37 45 44 55 121 180   6 +         + 
42     58 49 32 24 63 107   10 +     + + + 
366 Tolypo-
cladium 
  25 28 26 31 68 128     + + +     + 
381     23 30 26 24 87 124     +         + 
383     34 39 33 41 125 164     + + + +   + 
462     25 45 26 34 78 122     +         + 
463     27 29 27 34 71 123     +         + 
161     30 30 30 34 77 129   6 + + +   + + 
162     26 38 30 53 75 133   6 +       + + 
65     47 19 38 28 55 80   6 + + +   + + 
111 Trichoderma   27 28 29 36 95 133   4 +         + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
112  Trichoderma   33 31 28 40 98 126   7 +         + 
113     25 30 28 35 94 129   9 +         + 
114     41 45 29 46 92 121   4 + + +     + 
115     19 26 24 33 134 117   4 +         + 
116     28 29 38 38 96 122   7 +         + 
117     36 102 35 47 133 186   7 +         + 
118  Trichoderma   30 29 27 23 98 134   8 +         + 
119     23 27 28 29 78 122   4 +         + 
120     29 33 26 49 86 131   4 +         + 
138     71 25 26 30 111 120   7 +       + + 
141     31 32 28 33 86 128   3 +       + + 
142     97 163 121 167 150 192   6 +       + + 
143     26 29 29 34 107 131     + + +   + + 
193     30 30 29 35 93 137   4 +         + 
194     46 40 45 42 98 130   6 +       + + 
195     42 33 39 30 129 146   4 +       + + 
35     43 68 37 48 169 163   7 +         + 
36     30 38 30 36 74 137   10 +       + + 
37     29 38 30 35 65 139   4 +       + + 
38     22 27 24 33 73 114   4 +       + + 
39     22 18 24 29 73 117   4 + + +   +++ + 
406     73 110 84 95 122 154   4 + + +   + + 
407     95 175 112 199 122 113   4 + + + + + + 
424     37 35 25 30 67 113   10 +       + + 
485     28 35 30 32 88 126   4 +         + 
486     26 30 26 32 92 126   9 +     +   + 
508     32 32 28 0 90 130   4 +       +++ + 
509     33 30 27 34 94 136     +       + + 
517     32 47 29 33 102 130   4 +         + 
522     29 30 29 34 103 125   4 +       +++ + 
523     31 33 29 36 90 130   4 +       + + 
165 Verticillium   27 34 31 35 106 127     + + +   + + 
514     27 29 28 32 95 132     + + +     + 
515     121 261 106 242 194 206     + + +     + 
358 Volutella   31 56 35 58 126 160   10 + + +   + + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
46  Volutella   24 31 25 34 45 115     + + + + + + 
483     27 36 35 36 82 120     +         + 
484     26 25 25 43 97 118     + + +     + 
89 Bullera Tremello-
mycetes 
                +         + 
128 Cryptococcus                   +         + 
152                     +         + 
168                     +     + + + 
224                     +     +   + 
225                     +     +   + 
229                     + + +     + 
230  Cryptococcu
s 
                  +         + 
238                     +     +   + 
408                     +         + 
409                     + + + +   + 
419                     + + +     + 
420                     + + +     + 
456                     +       + + 
457                     +         + 
63                   5 + + + +   + 
64 Cystofilo-
basidium 
                  +         + 
124 Fonsecazyma                   +     +   + 
183 Mrakia                   +       + + 
180 Papiliotrema                   +         + 
362                     + + + +   + 
464                     +         + 
465                     + + + +   + 
239 Saitozyma                   + + + +   + 
240                     +     +   + 
235 Trichosporon                   +         + 
280                   5 +         + 
281                   5 + + +     + 
173 Udeniomyces                   +         + 
167 Vanrija                   +         + 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
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Table A.2. (cont.) 
bPTP 
sp. # 
    fluorometric assays1   agar-based assays1 
identification fungal class BX-5 BX-8 CB-5 CB-8 AP-5 AP-8   CA  BG BX PC ST TA BCIP 
32  Vanrija                   +     +   + 





                + + +     + 
                 
1
Fluorometric assays results represent square root values. BX = xylanase, CB = cellobiohydrolase, AP =  
phosphatase, CA = cellulose azure, BG = β-glucosidase, PC = pectinase, ST = starch, TA = tannic acid, BCIP = 
phosphatase. CA values represent number of day to observe a positive result, + = positive results, +++ = activity 
only under elevated levels. 
